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ABSTRACT
Increasing focus on alternative energy sources has produced significant progress 
across a  wide variety of research areas. One particular area of interest has been solar 
energy. The sun represents sustainable and renewable energy source capable of meeting 
present energy needs without compromising the ability of future generations to meet 
theirs. Energy from the sun can be utilized in m ultiple ways. D irect use in m odern 
power generation typically involves either photovoltaic system s or large-scale solar 
thermal energy installations. While large-scale solar therm al energy generation is well 
advanced, there has been comparatively little research on smaller scale therm al energy 
collection and application. This work presents investigations into micro solar therm al 
energy development and use for M EM S-based power applications. T his approach is 
divergent from traditional micro solar photovoltaic devices, relying on transform ing 
incoming solar energy to heat for use by devices like therm oelectric generators (TEG ) 
and other heat engines. The ability  to  maximize tem p era tu re  gain from  the  su n ’s 
heat energy while minimizing heat losses is critical for a  system  th a t relies on solar 
energy for useful mechanical or electrical work output. T he use of a  nanom eter-seale 
solar selective absorber coating to  enhance th e  perform ance of a  TE G  m odule in 
solar therm al energy harvesting is presented. The th in  film coating is fabricated  by 
electrochemical deposition of a  bim etallic layer of tin  and nickel on copper substrate. 
Further, the use of vacuum packaging to  limit heat losses from the  collector p la te  is
examined. Lim iting heat losses is shown to  improve th e  overall eflieieney of these 
devices. Also, a therm al scavenging technique th a t relies on phase change within the  
working fluid in a micro capillary channel heat exchanger is presented. These devices 
have the potential to  provide autonom ous power for micro electronics, and represent 
sustainable alternatives to battery-pow ered MEMS-based devices.
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CH APTER 1
INTRO DUCTION
As the world energy dem and continues to  rise due to population grow th and 
industrialization, there is a  need to  exam ine a lte rn a te  energy sources to  augm ent 
traditional fossil fuels for energy generation. More so, th e  forecasts of depletion as 
well as environmental impact of fossil fuel have led to more research on renewable and 
sustainable energy sources. Renewable energy sources are naturally  and continually 
replenished sources. This includes sources such as wind, tides, geotherm al heat, 
sunlight and rain. On the o ther hand, sustainable energy is the ability  to  m eet the  
present energy needs without compromising the ability of future generations to  meet 
their needs. Hence, naturally and continually (renewable) replenished energy sources 
will guaranty energy sustainability.
Solar energy is a renewable and  sustainable energy source th a t is presently 
underutilized. It has been estim ated  th a t 30 m in of solar radiation falling on the 
earth  is equal to  the world energy dem and for one year [1]. Solar rad iation  intensity 
outside the atmosphere is ~  1,360 A portion of this intensity is however absorbed 
or scattered, before reaching the  ea rth ’s surface, as th e  radiation travels through the 
atm osphere. Overall, the am ount of incident solar rad ia tion  reaching th e  ground 
surface depends on the location’s latitude, atmospheric conditions, and tim e of the day.
1
2A peak insolation intensity value of 1.000 ^  (or 1 sun) is often considered acceptable 
general estimate.
Energy from the sun can be utilized in two broad  ways, nam ely direct and 
indirect solar energy. In direct solar power, there is only one step  or change from 
the energy of the sun to  usable energy. D irect solar energy harvesting in m odern 
power generation typically involves either photovoltaic system s or large-scale solar 
therm al energy installations. On th e  o ther hand, indirect solar power goes th rough  
more than one step  or change to  becom e usable energy. Fossil fuels, bio-fuels, wind 
and hydroelectric arc forms of indirect solar power as they are all influenced by sun 
light.
The next sections will present a closer look a t direct solar energy technologies; 
namely, photovoltaics and solar therm al.
1.1 Photovoltaics
Photovoltaic (PV) systems rely on the direct conversion of light energy from the 
sun into electrical energy using solar cells. A solar cell is a semiconductor device th a t 
uses a  p-n junction to convert solar energy directly into electricity [2]. PV  m odules 
absorb light from a source and converts some of it into electrical power and the rest of 
the incident radiation is converted to heat or re-einitted to  the surrounding environment. 
PV technology is probably the m ost popular direct solar energy technology.
Solar cells are mostly m ade of silicon (m onocrystalline, polycrystalline or 
amorphous). O ther materials include G allium  arsenide (G aAs), Indium  phosphide 
(InP), Cadmium telluride (CdTe) and copper indium galliium selenide/sulfide (CIGS).
3Since PV relies 0 1 1  solid-state electronic process, it has the  advantage of no moving 
parts. This makes PV  a  preferred technology from the standpo in t of operation  and  
maintenance considerations.
The first, discovery of the photoelectric effect was in 1839 by Edmund Bccquerol, 
a French physicist, when he found th a t certain materials would produce small am ounts 
of electric current when exposed to light. Initial work on PV  was focused on selenium 
until the 1950s when scientists a t the Bell Laboratories, by accident created a silicon 
PV cell. The silicon PV cells they invented were 50 times more efficient at generating 
electricity than the selenium cells had been 20 years earlier.
One of the biggest challenges in the  expansion of PV for large-scale power 
application is the high cost of solar cell module. However, with active research and 
development over the years, the price has continued to  come down. From a price of 
more than  $ 30 /W p (peak w atts) in 1974 [3], th e  price of PV m odule in 2010 was 
put a t $2.40/W p [ lj. It was also very in teresting to  see th a t th e  price of Chinese 
solar panels had dropped to  $0.60/W p by Decem ber 2012 for crystalline m odules
[5]. Similarly, the average installed price of PV  in the US fell from from S7.90/W  to 
S6.20/W between 2005 and 2010 [4]. The price decrease of PV over the years has led 
to a significant increase in the to tal installed capacity. Global installed capacity had 
increased to more than 68 GW at the end of 2011 (an increase of 70% from 2010 data)
[6]. This currently makes PV the third highest (after hydro and wind power) globally 
installed energy source.
Another significant challenge so far with the PV technology is the low efficiency 
of the system. The efficiency of PV  system s are generally <  20 %. A more detailed
4review of PV effi< iency for different m aterials or classifications is found in Ref 7]. On 
the other hand, although PVs are not very efficient, they are very scalable. Therefore, 
they are widely utilized both in macro and micro power generation.
1.2 Solar Thermal
The second direct solar power technique is the solar therm al process. Solar 
therm al technology harvests the  heat energy of the  sun. This h ea t is utilized to  
drive other mechanical or electrical system s for power production. Large scale solar 
therm al application is well established w ith therm al efficiencies g reater than  80 % 
[8]. Though large-scale solar therm al energy generation is well advanced, litera tu re  
on micro solar therm al energy is not readily available. Various h ea t engines and 
thermodynamic cycles are available for solar therm al applications. The work presented 
in this dissertation is focused on solar therm al technology for micro scale applications 
and subsequent chapters of this d issertation will highlight some of th e  heat engines 
and processes.
1.3 Objective and Thesis Structure
This work is focused on the integration of microfabrication processes and solar 
therm al technology to generate power for micro-scale applications. M icrofabrication 
techniques allow for decrease in cost as m ultiple devices may be m anufactured from 
each processing steps. Further, solar the rm al energy is a  cheap, renewable and 
sustainable energy source tha t is presently underutilized. This work proposes the use 
of sunlight as heat source for power generation utilizing micro-scale heat engines. The
use of a  therm oelectric generator as a heat engine is proposed. F u rther, a  therm al 
scavenging technique th a t relies 0 1 1  phase change within the  working fluid in a micro 
capillary channel boiler p late is also proposed.
A more detailed review of solar energy, w ith particu lar a tten tio n  on solar 
therm al processes is presented in C hapter 2. A review of the applications of solar 
therm al technology in micro scale power applications is also presented.
The integration of a th in  film selective absorber coating and therm oelectric 
generator for micro scale solar energy harvesting is presented in C h ap te r 3. This 
dem onstrates the use of solar therm al process in micro pow'er application.
C hap ter 4 presents perform ance analysis of a  solar therm al collector in low 
therm al conductivity environment. The effect of therm al radiation on a body is shown 
and the steady-state tem perature of a solar therm al therm al collector under different 
operation conditions are examined.
A study of a  M EM S-based boiler for therm al scavenging applications is 
presented in C hapter 5. This device relied 0 1 1  low-grade heat source such as solar 
therm al energy for useful power output based 0 1 1  working fluid phase change. Chapter 
6 presents an alternative, low cost m ethod for th e  fabrication of a  h ea t exchanger 
utilizing metal-based microchannels using the LiGA technique.
Finally, C hapter 7 presents a general conclusion of the s tu d y  and offers 
recommendations for future work.
CHAPTER 2
REVIEW  OF SOLAR THERMAL ENERGY PROCESSES
2.1 Introduction
M any research groups are actively exploring alternatives to  battery-pow ered 
MEMS: based devices. One dom inant technique is the harvesting of energy from the 
am bient. The most abundant source of energy for MEMS power applications is the 
ambient environment of application. Energy in the surrounding environment occur in 
the form of light, heat, vibration or radio frequency (RF) radiation. There are various 
transduction  mechanisms th a t are available for harvesting  those energies from the 
environment. The more established mechanisms for vibration-based energy harvesting 
include electrostatic, piezoelectric and electrom agnetic transducers. In electrostatic  
transduction technique, a  voltage change across a  capacitor is created by the  change 
in distance of two electrodes in itia ted  by the vibration of the  one movable electrode. 
Likewise in electromagnetic transducers, the vibration of a magnetic mass attached to 
a coil generates AC voltage from the resulting change in magnetic flux. On the other 
hand, piezoelectric transducers would generate a  surface charge when sub jected  to  
mechanical stress.
The presence of tem perature differences in natu re  and various devices, as well 
as the  availability and in teraction of light and radio frecjuency could also be utilized
6
to generate autonom ous power for m icro devices. Vullers et al [9] sum m arized the 
power ou tpu t achievable from environm ental sources when using optim ized devices. 
More detailed review of energy harvesting techniques can be seen in Refs [10, 11, 
12. 13. 14. 15, 16]. M iniaturized fuel cells have also been suggested as a  possible 
replacement, for battery-powered micro devices [17, 18]. In this work, therm al energy 
harvesting techniques for micro scale applications is examined. This chapter specifically 
reviews techniques and processes th a t rely on solar therm al energy as input for useful 
micro-scale power generation.
T he sun is a  sphere of intensely hot gaseous m a tte r. The gaseous reactions 
within the interior of the sun produces large am ounts of energy. This energy is 
transferred to  the surface through conduction and convection processes, and  then  
radiated into space. The tem perature a t the center of the  sun is estim ated a t 8 x 1()6 - 
40 x 106 K [8]. The em itted rad ia tion  carries w ith it energy and spreads in discreet 
quanta. The earth  surface receives approxim ately 1.8 x 1011 MW of power annually 
from the sun [19]. This is much higher than  all the o th e r energy sources com bined. 
Moreover, it is also free and available in most parts of the world.
Energy from the sun could be utilized directly either in the form of photovoltaic 
or solar therm al. The energy usually is first collected in the form of light for photovoltaic 
or heat for the solar thermal system. Hence, the collector remains a critical component 
of the solar energy system. This work focuses on the solar therm al systems.
2.2 Solar Thermal Energy
The solar therm al system could be grouped in to  tw o broad categories- con­
centrating and non-concentrating system s. The basic difference is that, the  non­
concentrating collectors utilize the incoming solar radiation as is. whereas the concen­
trating collector systems utilize optical devices to increase th e  solar energy incident on 
the device. The optical devices, usually in the form of mirrors, in concentrating collec­
tors lead to much higher temperatures in the absorber element. The non-concentrating 
type is usually used for low tem perature applications while the concentrating type is 
applied in high tem perature applications. Tracking devices are often used to  follow 
and focus the su its  radiation on the absorber element in concentrating systems. T he 
draw back of the concentrated solar power (CSP) system  however is the high cost of 
the system itself and the solar tracking devices.
Based on the shape of the absorber element, the collector can be grouped into 
flat, tubular and point collectors. T he flat type include flat-plato collector (F P C ), 
evacuated tube collector (ETC), and the evacuated flat-plate collector (E FPC ). The 
tubular collectors (w ith concentration) include the com pound parabolic collector 
(CPC), linear Fresnel reflector (LFR ), cylindrical trough  collector (C TC ) and  the  
parabolic trough collector (PTC ). Poin t collectors (w ith  concentration) include 
parabolic dish reflector (PDR) and the heliostat, field collector (HFC). More detailed 
descriptions of the various collector types are found in Refs [1, 8].
The traditional flat plate collector is m ade of four basic com ponents- glazing, 
absorber, fluid tubes/fins and therm al insulation. T he glazing is a clear p lastic  or 
glass sheet, highly transmissive to incident radiation but opaque to outgoing longwave
9radiation from the absorber surface. The glazing is also useful for minimizing convection 
losses and for protecting the absorber surface from other adverse weather conditions. 
The absorber element convents incident radiation into heat energy, and then transfers 
the heat energy to  the fluid tubes. The' tubes/fin s serve as heat exchangers for th e  
absorber plate. Therm al insulators are used to  eliminate heat leakages from the sides 
and bottom  of the assembled collector box. F igure 2.1 shows the  basic design of a 
traditional flat plate collector.
C over g la ss
Therm al insulator
Working fluid tu b es A bsorber plate
Figure 2.1: Traditional F la t P late Collector
2.2.1 Traditional Absorber
The traditional solar thermal collector operates by absorbing heat on a surface 
and transferring the heat to a working fluid. T he amount of heat absorbed is therefore 
limited by the surface area of the collector. Also the overall efficiency of the system is 
affected by how well heat energy absorbed can be transferred to the working fluid.
Absorber p lates are generally m ade of high therm ally conductive m aterials. 
The absorber plate is the most im portant component of the solar therm al system. It is 
the component tha t transforms incident radiation into heat energy. The surface of the 
collector is generally coated with black paint or a  selective absorber to increase therm al
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absorption. However, black paint,, or surfaces th a t are perfect absorbers (in the solar 
radiation range, 0.3 — 2.5 (im), also have high emissive values in the  infra-red range 
(>  2.5 fini). By contrast, so-called ‘‘selective’" absorber surfaces maximize absorption 
of incident radiation but show reduced em ittance in the infra-red region.
Advanced absorber substrates are typically covered with a coating tha t strongly 
absorbs in the solar radiation wavelength range in order to ob ta in  high values of 
absorptivity, while yielding reduced em ittance in the  infrared region [8 ]. A perfect 
absorber, also known as a blackbody, will absorb  all the incident rad ia tion  th a t falls 
on it. However, a blackbody is also a  perfect em itter, and will therefore em it long 
wavelength radiation energy away from its surface. A desired absorber element will 
therefore maximize all incoming solar radiation and minimize heat losses tha t would 
otherwise occur through infrared emission from the collector surface. This quality  
describes the selectivity of a  m aterial. Selective surface is the characteristic  of high 
absorptivity for incoming solar radiation and low emissivity for outgoing re-radiation. 
The concept of solar selective coating was first introduced by T abor, and has been 
studied since 1950 [20]. A detailed review of selective absorber m aterials is presented 
in [2 1 ], in which the author grouped selective absorber coatings into six distinct types.
• Intrinsic: The selectivity is an intrinsic property  of the m aterial.
•  Semiconductor-metal tandems: The semiconductor layer absorbs short-wavelength 
radiation while the m etal layer reduces em ittance.
•  Multilayer absorber: M ultiple layers of m aterials w ith different optical charac­
teristics are arranged in such a way as to become efficient selective absorbers.
1 1
• Metal-dielectric composite coatings or absorber- reflect or tandem s utilize highly 
absorbing coating in the solar spectrum  and transparent in the IR. on a  highly 
IR-reflective metal substrate. It is m ade of fine m etal particles em bedded in a 
dielectric or ceramic m atrix  or a  porous oxide im pregnated with metal.
•  Textured surface: Enhanced surface tex tu re  of a  m aterial can improve its 
absorption and ernissivity values. The shape and size of the inicrostructures of 
the  coating is adjusted to  yield the desired spectral selectivity.
•  Selectively so lar-transm itting  coating on a blaekbody-like absorber: This is 
mostly a highly doped sem iconductor over a  long term  durable absorber. This 
is mostly used for low-tem perature application.
2.2.2 Direct Absorber Solar Collector (DASC)
In th e  DASC system, a highly therm al absorbent fluid flows in transparen t 
channels, and the solar radiation is absorbed directly by the  liquid w ithout requiring 
an intermediate absorber plate. The “black" fluid serves as both the absorber and the 
working fluid, as illustrated in Figure 2.2. This eliminates the “black” m etal absorber 
surface. T he elimination of a  m etal com ponent will reduce cost as well as elim inate 
corrosion issues. Further, this minimizes the heat transfer process and losses between 
the absorber and the working fluid, as heat is absorbed directly into the working fluid.
C over g lass
Direct fluid ab so rb er - -------* -
T h e rm a l in s u la to r
Figure 2.2: D irect Solar A bsorber Collector Design
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A ddition of nanoparticles to  conventional working fluids has the poten tial of 
improving the  heat transfer and solar collection in solar therm al systems [22, 23, 24], 
Volumetric absorption is achieved by suspending nanoparticles in base fluid so as 
to  alter the  optical properties of the  base fluid. Some of the criteria  in selecting 
a nanofluid for direct solar absorption include spectra l absorptivity  and emissivitv, 
specific heat, boiling and freezing points, toxicity, flannnability, chemical stability, cost, 
etc. The use of carbon-black and black antimony sulfide, SV^S'j, have been suggested 
[25]. O ther nanoparticles may also be used.
T he volume fraction of nanoparticles mixed w ith  a base fluid is critical in a 
direct solar absorption system. A very high concentration of nanoparticles in the base 
fluid could lead to formation of a th in  layer near the surface of the fluid and then  most 
of the sunlight is absorbed within this thin layer rather than  in the entire volume. On 
the other hand, a small concentration could mean th a t a great deal of the light is not 
absorbed in the fluid. Also, the size, shape and optical properties of the nanoparticles, 
as well as the  base fluid are im portan t param eters for efficient perform ance. More 
detailed review of DASC is found in Refs [26, 22, 23]. This work is focused on the  
traditional flat p la t collector type. N ext, an analysis of th e  effects of the  collector 
components is presented.
2.2.3 Effects of Flat Plate Collector Parameters
2.2.3,1 Transmissivity-absorptivity product ( t o )
If it is assumed tha t there is no radiation absorption within the glass cover of a 
collector plate, then the reflected and transm itted  radiation account for the radiation
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incident on the cover glass. W hen th e  tran sm itted  rad ia tion  strikes th e  absorber 
surface, a part of it is absorbed while the  rest of it is reflected back to the glass cover. 
This assumes there is 110 radiation transmission through the absorber plate. As shown 
in Figure 2.3. when the reflected rad ia tion  from the absorber plate strikes the cover 
glass, a portion of it is transm itted  to  the  am bient while the rest is reflected back to 
the absorber plate. This process goes 0 1 1  indefinitely.
The net fraction absorbed (rev) is given by Equation 2.1, where pd is the diffuse 
reflectivity from the glass cover piece [19].
The higher order terms in the series approach zero. Hence, neglecting the higher order 
terms, the trasnm issivity-absorptivity product is given by Equation 2.2.
(™ ) =  (V * s)[l +  ( 1  -  <*.,)Pd]
a . . . -
Cover |
.bsorber
Tgas(1-as)pd tgas(1-as)2pd2
Figure 2.3: Effect of Therm al R adiation on a Surface
( t o )  =  ( r 9r t s ) [ l  +  (1  -  a a)p d  +  (1 -  a s ) 2p 2d +  ...]. ( 2 . 1)
1 -  (1  -  a s ) p d
(2 .2 )
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As can be inferred from Equation 2.2. in order to  achieve high values of ( t o ) ,  
the following conditions are critical.
•  Highly transmissive (ra) glass m aterial.
•  High solar absorptive collective p late (n.s).
•  Low reflective glass material
2 .2 .3.2 Surface emissivity (e)
The tem perature of the absorber plate increases as it absorbs incident therm al 
radiation. This rise in tem perature causes th e  absorber p la te  to  in tu rn  becom e a  
radiating surface. The plate surface absorbs incoming short wavelength radiation from 
the sun, and em its long wavelength rad ia tion  to  the surrounding environm ent. T he 
energy emitted from the surface of a body is directly proportional to  the fourth power 
of the absolute temperature of the body and its surface area [27] as shown in Equation 
2.3. The introduction of proportionality constant yields Equation 2.4.
where e is the surface emissivity and a  is the S tefan-B oltzm ann constan t (5.670373 
x 1 0 ' 8 ^ r ^ 4 ). It is therefore apparen t th a t  in order to  lower the energy em itted  by 
the absorber surface, a low emissive value e is required. Hence, advanced absorber 
substrates are typically coated w ith m ateria ls  th a t strongly  absorb  incident solar 
irradiation thereby yielding high values of absorptivity, while also limiting em ittance 
in the infrared region [8 ].
Q  oc A e ( T e 4 -  T % ) .  
Q  = c a A e ( f e 4 -  ra4), (2.4)
(2.3)
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2.2 .3.3 Thermal insulation
Heat losses from the collector p la te  lowers the collector’s overall useful heat 
gain. The overall heat loss coefficient from the top, sides and bottom  of the collector 
is represented by U . Since the sides and bo ttom  of the plates are usually insulated, 
the top losses account for and closely approxim ate the to tal energy loss. Convection 
and radiation losses between the parallel plates (collector and cover glass) account for 
the to tal heat loss from the top of the collector.
In a flat plate solar collector, the energy loss through the top  of the plate is a 
com bination of convection and radiation losses. For a  unit area, the  loss is equal to  
the convection (c) and radiation (r) heat transfer from the absorber plate (p) to  the  
cover glass (g), as shown in Equation 2.5.
, < t(t4  -  r 4)
(jivBs.top — h Cp_ g ( T p — T g )  +  j_ j j
e P
(Jiossjop = h Cp_ g { T p — T g ) +  h r p ..g { T p — T g )
Qioss,top = ( h Cp_ g + h Tp g)(Tp — Tg). (2.5)
Similarly, the  heat loss from th e  glass cover to  the am bient (a) is the  sum  of
the radiation and convection losses as shown in Equation 2.6. The sun is treated  as a 
blackbody with solar emissivity cs equal to  unity.
a{T) -  T4)
qiosx,glass =  hc„ { T g -  T a )  + ..........j  ^
<9 fs
qioss,glass = K : n ( T „  ~  T a ) + t g o { T *  -  T4)
qioss.glass = ( h Ca +  K g _ a ) { T g -  T a ) .  (2.6)
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The therm al resistance R between two surfaces is defined as the  resistance to 
the flow of heat and is given by the difference in tem perature divided by the to ta l 
heat flow between the surfaces as shown in Equation 2.7. Since this requires tha t all 
of the heat which flows through surface 1 also flows through surface 2 . there is no net 
heat gain within the volume.
/ ? = — . (2.7)
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From Equation 2.5, the therm al resistance between the absorber plate and the collector 
cover is given by Equation 2 . 8  while Equation 2.9 defines thermal resistance between 
the cover glass and the ambient.
Rl op= ( K ,  + K - , y  ( 2 8 )
R ’"‘"  = (K ,  + h (29)
T he to tal therm al resistance, R to ta h  to  the  surroundings is then  given by the 
sum of the resistances as shown in Equation 2.10.
R to ta i R to p  T R g la s s  7 T  ' 7 C T  T T  ' ~ C ■ (2 .1 0 )
(hCp. B +  V , )  (hc« + hrg-«)
The overall heat transfer coefficient, U, is the  inverse of th e  to ta l therm al 
resistances R to ta i  to the flow of heat between the  two surfaces. Hence, U  is as shown 
in Equation 2.11.
R to ta i R to p  T R g la s s  + hrp. g) +  {hCa + h r g_a) }  ' 2^ ' n ^
From Equation 2.11, the overall heat transfer coefficient could be minimized by
lowering or eliminating convection between the collector plate and glass cover. This
may be achieved using transparent insulating materials, vacuum insulation technique or
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by filling the volume with low therm al conductivity gases. Further, lim iting radiation 
transfer from the collector plate and glass cover also reduces the overall heat transfer 
coefficient.
2.3 Micro Solar Thermal Applications
Solar therm al energy can  be utilized in a  num ber of ways. Typically, the 
thermal collector works by absorbing incoming solar radiation and converting same to 
heat which is thereafter transferred to  a working fluid. The heated fluid is then used 
to generate electrical or mechanical work ou tp u t. A lternatively, th e  absorbed heat 
could be utilized for many o ther applications. Generally, such applications include 
w ater heaters, solar cookers, driers, ponds, architecture, air-conditioning, chimneys, 
power plants, water purification and distillation [28].
On a micro scale, the use of thermoelectric generators to harvest solar therm al 
energy for useful power application has been dem onstra ted  [29, 30, 31]. T he TE G s 
utilize the  heat from the absorber plates to  generate power ou tpu t. In  addition to 
TEG s, solar therm al energy m ay also be used to  drive a  phase change in a  working 
fluid when integrated with a h ea t exchanger. M EM s-based heat engines for power 
generation are being developed th a t rely on this phase change for useful power output 
[32, 33, 34, 35].
A nother potential application of solar therm al energy on a  m icro scale is in 
heating a  m icroreactor. Zim m erm an et al [17, 36] have proposed and m odeled the 
use of m icro solar heater as inpu t heat in m icroreactors for hydrogen production 
by m ethanol reforming. The ability  to  produce hydrogen on-site where it is needed
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helps overcome transporta tion , storage and safety issues. T he collector, bonded 
to a mierofluidic channel, is expected to  supply the  energy needed to  achieve the  
tem perature required (250 — 300 °C) for methanol reforming within the microreactor. 
Hydrogen produced in this process serves as the fuel for a  proton exchange membrane 
fuel cell (PEM FC).
A com bined micro light and  therm al energy harvesting cell has also been 
reported [37]. The energy cell consists of a carbon nano tube film (CNF) in tegrated  
with a lead zirconate titanate (PZT) cantilever, and converts light and therm al energies 
into electricity. This device is based on actuation of C N F upon illum ination by light 
and therm al radiation. It was shown th a t as the  CN F absorbs and converts photon 
energy into therm al and electrostatic energy, there is a rapid tem perature rise of the 
CNF leading to its expansion and actuation. The light an d /o r thermal radiation would 
cause th e  CN Ts to  stretch, bend, and repel. These mechanisms of the C N F -P Z T  
cantilever lead to a  self reciprocation of a C N F-based cantilever upon exposure to  
light and therm al radiation.
2.4 Conclusion
Solar therm al energy harvesting techniques for micro scale power applications 
have been presented. These devices utilizing the heat from the sun as input have the 
potential to  provide autonomous power for micro electronics. This chapter specifically 
reviewed techniques and processes th a t rely on solar therm al energy as input for useful 
power generation.
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The efficiency of a solar therm al system  is a m easure of how much of the  
incoming solar therm al energy th a t can be transferred  to the  working fluid or 
other applicable heat engines. Im proving heat absorp tion  on the  absorber p la te  
by maximizing absorption while reducing em ittance, as well as im proving th e  h ea t 
transfer efficiency between the absorber element and the working fluid or heat engine 
will improve the overall collector efficiency. Also, limiting heat losses from the collector 
to the ambient enhances the overall system efficiency. Irrespective of the heat engine 
applied, one critical param eter in th e  operation  of th e  device is the  tem p era tu re  
gradient resulting between the heat source and  sink. H igher tem pera tu re  g rad ien ts 
typically lead to increased efficiency.
CH APTER 3
MICRO SOLAR ENERGY HARVESTING USING THIN  
FILM SELECTIVE ABSORBER COATING AND  
THERMOELECTRIC GENERATORS*
3.1 Introduction
Solar energy is a clean and sustainable energy source that has a potential for 
present and future world energy needs. The earth  surface receives approxim ately  
1 . 8  x 10n MW of power from the sun each year [19]. This is significantly higher than  
commercial energy sources currently available. It has been estim ated  th a t 30 m in 
of solar radiation falling on the  earth  is equal to  the world energy dem and for one 
year [1 ]. Moreover, solar power represents free and available energy in many p a rts  
of the world. Energy from the sun can  be utilized in m ultiple ways. D irect use in 
modern power generation typically involves either photovoltaic systems or large-scale 
solar thermal energy installations. W hile large-scale solar therm al energy generation 
is well advanced, there has been comparatively little research on smaller scale therm al 
energy collection and application. T he work contained in th is chapter exam ines the  
fabrication, characterization, and testing of a selective absorber coating for micro solar
therm al energy harvesting.
T h is  material has been published as Ogbonnaya, E., Gunasekaran, A ., and W eiss, L., 2013. 
'Micro solar energy harvesting using thin film selective absorber coating and thermoelectric generators” . 
Microsystem Technologies, 19(7), pp. 995-1004 and is being reproduced with the kind permission of 
the publisher (Springer Science and Business Media) and co-authors.
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Although widely available, there i.s a .significant challenge to  the utilization of 
solar energy for power production. This is because it represents a weak energy source 
on the earth 's  surface. R adiation flux, even in very hot regions of the  world, rarely 
exceeds 1 ^  and the total radiation in a day is typically lower than  7 k- ^  [19]. This 
means that large collection areas are required to  produce significant ou tpu t power. To 
assist in this collection, the  use of concentrating  devices can be applied to  increase 
the am ount of energy captured  as is done in large, m ega-W att scale solar therm al 
applications.
On the smaller scale, solar energy harvesting has typically focused on the direct 
conversion of light to electrical energy th rough  the  use of solar cells [38, 39, 40, 41]. 
Solar thermal energy harvesting has been limited to macro scale devices. One method 
of utilizing solar thermal energy on a small scale is via thermoelectric generator, TEG. 
O ther small scale therm al devices requiring heat as input energy are also available. 
TE G s have been shown to  provide enough power ou tpu t for p ractical applications 
based on tem perature difference [31, 42, 43, 44]. In addition to T E G s, solar therm al 
energy may be used to drive a phase change in a working fluid when integrated with a 
heat exchanger. MEMs-based heat engines for power generation are being developed 
th a t rely on this phase change for useful power ou tpu t [32, 33, 34, 35]. The work 
presented in this chapter specifically considers the fabrication and characterization of 
a small-scale Solar Therm al Collector (STC) w ith nanom eter scale coating th a t can 
be applied to  these various devices requiring therm al energy inpu t. In th is m anner, 
autonom ous power sources are developed, capable of transform ing solar energy to  
useful power output.
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In th is work, th e  STC serves as a m ajo r component of th e  solar energy 
system. Solar radiation that is incident 01 1  the STC is absorbed and transform ed into 
heat. Traditionally, solar therm al collectors have been fabricated using high therm al 
conductivity m aterials like copper or alum inum , though they can also be m ade of 
plastic for very low tem perature applications like swimming pool heating [45]. In some 
cases, the surface may be coated with black paint or a selective absorber. Black paint, 
or surfaces that are perfect absorbers (in the solar radiation range, 0.3 - 2.5 //nr) also 
have high emissive values in the infrared range ( > 2 . 5  pm ).
By contrast, selective absorber surfaces maximize absorption of incident 
radiation but show reduced emission in the infrared region. Hence, advanced absorber 
substrates are typically covered w ith a coating th a t strongly absorbs in the solar 
radiation wavelength range in order to ob ta in  high values of absorptiv ity , while 
yielding reduced em ittance in the infrared region [8 ]. Electrochemical deposition has 
been previously used for preparing these selective absorbers. This has been due to the 
cost effective nature of this technique and the relative simplicity of the technique itself 
[19]. O ther techniques for preparing the selective absorber coating include sputtering, 
Chem ical Vapor Deposition (CVD), chemical oxidation, sol gel, and  pain ting  [21]. 
Black chromium has been a  predom inant and  successful m aterial used to  prepare 
selective absorbers [19]. However, due to  the toxicity  of the plating  b a th  and high 
energy consumption of this process itself, other m aterials have been investigated [46], 
Previous work has indicated black nickel-tin selective coating has promising potential 
as a highly effective selective absorber s tru c tu re  [46, 47]. The electro ly te used in
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preparing the  nickel-tin selective surface is less hazardous and operates at about a 
near-neutral pH.
In this present work, in itial steps tow ard a com plete, fabricated  m illim eter 
scale STC are investigated and reported for future inclusion with MEMS devices. In 
its final form, the STC will consist of both an advanced collector surface as well as a 
low therm al conductivity volume th a t seals this surface. Through the use of both  an 
enhanced collector surface and sealed low conductivity volume, small wavelength solar 
energy is collected while long wavelength therm al energy, resulting from th e  heated 
collector surface, is restricted from transferring back to  the surrounding environment. 
In final form the STC will provide the thermal power necessary to drive therm oelectric 
or other com petitive power generation devices.
Figure 3.1 illustrates the basic concept of the design studied in this work. The 
basic components of the design include the absorber plate, upper transparent cover and 
the collector box. The upper cover is made of m aterial th a t is highly transparen t to 
incoming radiation and opaque to  long wavelength radiation emitted by the absorber. 
Glass m aterial tha t meets this requirem ent will be selected in final applications. The 
collector box serves to elim inate losses due to  convection from the  absorber plate. 
In the final design, the collector box is evacuated in order to elim inate convection 
losses as well as conduction losses th a t result from gas molecules w ithin the collector 
box. The absorber plate is a critical component of this design and the subject of this 
investigation. It is the com ponent th a t transform s th e  incident rad ia tion  in to  heat 
energy and delivers tha t energy for useful mechanical or electrical o u tp u t work from 
an attached  power generation device.
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Figure 3.1: Solar Therm al Collector Design
This chapter focuses specifically on the fabrication and evaluation of several 
collector surfaces as a critical first step  toward full STC fabrication and deployment 
in real-world application. Following th is initial investigation, the fabricated collector 
surface is utilized to  power a com m ercially available TE G . T he ability of these 
collector surfaces to  harvest solar therm al energy is exam ined based on sim ulated 
solar therm al input. Fabrication of th e  devices is based on  techniques th a t include 
electrochemical deposition of nickel-tin coating on copper substrates. Characterization 
includes respective surface microscopy and spectroscopy of the coating and the final 
operating tem pera tu re  as well as h ea t flux absorbed and  transm itted  th rough  the 
devices themselves. Comparisons of th e  various devices are based on their respective 
heat flux absorption performances and  final operating tem perature.
3.2.1 Fabrication
Two types of flat, plate solar collectors were studied as part of th is work. The
3.2 Experim ental M ethods
specifics of the  design and fabrication  of the collector p la tes are presented in th is
section. Each collector plate had an overall surface area  of 40 mm  by 40 m m  w ith 
to ta l thickness on the order of 200 pm . T his size was selected to  allow for easy 
integration w ith off-the-shelf TEG s. which have similar surface area. In in tegration  
with MEMS devices like future commercially available TEGs, the presented STC can 
be easily downsized as necessary while m aintaining its microscale thickness. Copper 
was used to  form th e  substrate  for each ST C  fabricated and  characterized in these 
experiments. Copper was selected due to its excellent therm al conductivity. The high 
therm al conductivity ensured the absorbed heat could be readily conducted through 
the plate where it would be made available for power applications. Furtherm ore, the 
high resistance of copper to corrosion has previously been dem onstrated  to  m ake it 
highly suitable in o ther solar therm al collector applications [48].
First, bare polished copper was used as a collector plate. This allowed for the 
characterization of baseline performance data . The thickness of the copper plate was 
200 pm. The second type of collector p la te  was created using a  th in  film nickel-tin 
selective absorber coating formed atop a copper substrate. The creation of a collector 
plate with selective coating allowed for com parison of th e  heat flux absorp tiv ity  
performance with th a t of the bare flat p la te  collector. Two fabrication steps were 
required to create the selective absorber coating. The first step  involved the fabrication 
of a  nickel under coat layer from a sulfate W att-type warm bath  [49]. This was followed 
by the fabrication of a thin layer of nickel-tin selective absorber coating from a  near­
neutral electrolyte a t room tem pera tu re  [47]. Electrochem ical deposition technique 
was used for the fabrication of both  layers.
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The copper substrates were initially polished mechanically and then degreased 
in a solution of 5 % acetic acid and pinch of salt. They were next rinsed w ith DI 
water. This prepared the substrate for deposition of the various m aterials necessary 
for selective absorber generation. In a  process similar to  Shanm ugam  et al, an  
interm ediate layer of nickel was initially electro-deposited to a  thickness of 1 0  pm  
[47]. The electrochemical conditions for the nickel plating are shown in Table 3.1. All 
chemicals used were reagent grade from Sigma-Aldrich®.
Table 3.1: Electrodeposition Conditions for Nickel Layer
C o m p o n e n t C o n c e n tra t io n  (g /1 )
Nickel Sulfate H exahydrate 250
Nickel Chloride hexahydrate 45
Boric acid 30
P a ra m e te r W o rk in g  C o n d it io n
Tem perature (C) 45
C urrent density IZi4J cm* 50
pH 4.0
Electroplated nickel coatings for decorative applications are protective, m irror 
bright and sm ooth [50]. The m irror surface allowed th e  ST C  to  be therm ally 
‘transparen t” to incident radiation thereby allowing for optimum absorption of incident 
radiation. Previous research has also shown th a t a layer of Ni between the substrate  
and the  selective absorber coating ensured b e tte r  stability  of th e  absorber p la te  a t 
higher tem peratures [51]. The deposition of the  nickel layer readied the su b stra te  
for selective absorber coating. Figure 3.2 (a) shows an STC substra te  w ith m irrored 
nickel surface finish.
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Figure 3.2: Nickel Coating (A). Black Nickel-Tin Surface (B), Coating Schematics (C)
Following the in term ediate layer of nickel, a  th in  layer of nickel-tin selective 
absorber was deposited on the substrate. P revious work has ind icated  an effective 
black selective coating results from thicknesses in th e  range of 100 - 200 inn [47]. 
The electrodeposition condition of the ba th  used in this work is shown in Table 3.2. 
Diethanolamine was used both as a complexing agent and to  raise the pH of the bath 
to a near-neutral level.
Table 3.2: Electrodeposition Conditions for Nickel-Tin Selective A bsorber Layer
Component Concentration (g/1)
Nickel Chloride 1 0 0
Stannous chloride 5
Ammonium bifluoride 25
Diethanolam ine
Parameter Working Condition
Tem perature (C) 25
Current densitv n iA /cm 2 25
pH 6.5
Time (s) 2 0
The plating of the  selective coating concluded the fabrication steps for the 
STC. It is im portant to note the environm ental advantages to this p lating technique.
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Wheretis most, previous work has concentrated 0 1 1  the use of chrome as the  absorber 
coating, the method employed in this work was less hazardous than  the chrome bath. 
In addition, this process was performed at room tem perature as a further benefit. The 
deposition of a thin layer of bimetallic nickel-tin coating produced a selective collector 
plate ready for testing. Figure 3.2 (b) shows th e  black selective nickel-tin coating. 
Following fabrication, the therm al collectors were characterized to determ ine the effect 
of the selective surface 0 1 1  the heat absorption capacity of the plate.
To arrive at the final coatings, different fabrication optimization processes were 
followed. These intermediate steps produced various forms of collector p la te  coatings. 
Some of the parameters th a t were varied before reaching the final fabrication procedure 
included current density, p lating tim e, bath  ag ita tion , tem peratu re  and  pH. F irst, 
current density was kept at values below 15 while other plating param eters were 
kept constant. Deposits were scarcely formed below current density of 15 This 
could be a ttr ib u ted  to  low throw ing power a t such low current densities. However, 
coating deposits were seen for current density in the range of 15 - 30 . Beyond 35
coarse grains were formed instead of sm ooth or uniform black deposits. These 
larger deposits also displayed poor adhesion and  were easily removed v ia accidental 
surface contact.
A nother critical param eter in the fabrication process was the  duration  of the 
plating. Different plating tim e produced different coatings. It was in teresting  to  
observe the variety of coatings formed over time. For instance, 20 m inutes of plating 
time produced very coarse coating grains. Similarly, one hour of p la ting  further 
amplified th e  course granular s tructu re . As th e  p la ting  tim e reduced, th e  coating
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grains became more uniform. Best results were obtained for deposition time of between 
15 - 30 seconds where deposition was uniform. Below 15 seconds duration the coating 
did not completely cover the surface.
Bath agitation was also varied during the development of the final electroplating 
process. A mechanical stirrer was used to ag ita te  th e  bath . P la ted  sam ples were 
studied as the  ra te  of agitation was varied. Overall, the stirrer speed on a hot plate 
was varied from 0 - 1150 rpm. The deposits formed a t lower stirrer rates were smooth 
and more uniform than  at higher agitation rates. As the speed of agitation increased, 
the deposits became increasingly coarse. Overall, the best performance was observed 
during p lating w ith no agitation  as th is showed uniform  and sm ooth depositions. 
Hence, the final process th a t produced collector p lates utilized in this work were 
produced w ithout agitation during electroplating.
pH adjustm ent was also investigated where both ammonia and diethanolam ine 
were varied. Though am m onia served well in adjusting th e  pH, d iethanolam ine had 
the added advantage of serving as a  good complexing agent. Sn (—0.14 V) and  Ni 
(-0 .2 5  V) are close on the electrochem ical series tab le  and  so can be codeposited 
readily. However, the  high overvoltage of nickel deposition  could cause only tin  to  
be deposited from the bath . M etal potentials were brought closer by th e  use of 
complexing com pounds which lower th e  activity  of th e  m ore electropositive m etal. 
Diethanolamine was used in this experiment as the complexing agent, and to  raise the 
pH of the ba th  to  a final value of 6.5.
It is also im portant to note th a t the bimetallic coating described in this work 
was different from a  tin-nickel alloy. A traditional tin-nickel alloy is an interm etallic
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compound of ~  65 % tin and ~  35 % nickel by weight. It has a  faint rose-pinkish 
color and is resistant to  tarnish [50]. Hence, work on th is nickel-tin bim etallic solar 
selective absorber coating should not be confused with the traditional tin-niekel alloy.
3.2.2 Test Setup
Tests were conducted to  evaluate the absorber and its po ten tial for solar 
therm al energy scavenging. T his section describes the  testing  and te st setups for 
these experiments. As an initial step, th e  structure and elemental com position of the  
coating was examined. A Hitachi S4800 Field Emission Scanning Electron Microscope 
(FESEM ) was used for the analysis. T h e  SEM m icrographs revealed the  s tru c tu re  
of the coating and  the size of th e  crystals. Similarly, an  Energy Dispersive X -ray 
Spectroscopy (EDX) on the FESEM  was used to  analyze the elem ental com position 
of the coatings.
The FESEM  study was followed by analysis of therm al perform ance of th e  
collector. Three types of experim ents were conducted. The first m easured th e  
tem perature of the collectors when exposed to sim ulated solar radiation. T he second 
measured heat flux conduction from th e  collector to  a steady  s ta te  heat sink. In 
the th ird  experim ent, the collectors were coupled to  the  hot side of therm oelectric 
generators and the output power from the TEGs was measured. These represented key 
elements of the STC characterization effort. The ability of the  collector to achieve high 
temperature is critical to power therm al-electrical conversion devices like therm oelectric 
generators. Similarly, a measure of th e  absorbed heat flux when com pared to  the 
incident flux is critical for effective power generation in a system  reliant on therm al
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energy as input power. Furtherm ore, th e  in tegration of the collectors w ith T E G s 
demonstrated a practical step in the use of this selective absorber coating to enhance 
therm al energy harvesting for useful power generation. Overall, the  tem p era tu re  
profiles and heat flux conducted through the plates were characterized to  determ ine 
the ability of the collector plates to  transform  solar radiation into useful heat input. 
The power output from the TE G s in tegrated  w ith collectors was also characterized 
to validate the perform ance of each collector in providing input therm al energy for 
the TEGs. In all tests, the tem perature of each collector, the heat flux reaching and 
passing through the  collector and th e  o u tp u t voltage from the T E G  was m onitored 
when exposed to simulated solar radiation until steady s ta te  conditions were reached. 
This produced results th a t were both  reliable and repeatable.
In these investigations, a solar sim ulator was used for the experim ental analysis. 
All tests were conducted by exposing the collector plate to incident radiation from the 
lamp. A halogen lamp was used to sim ulate solar radiation in th is experim ent. T he 
sim ulator lam p used was the  Sun System®SS-2 MH 400W  lam p. Several m ethods 
were used to characterize and validate the use of this halogen bulb as a solar simulator. 
Like the sun, the intensity of the radiation from the lamp varied with distance. As the 
distance from the lamp increased, the intensity of output decreased. A H ukseflux®SRll 
pyranom eter was used to  validate the  in tensity  of the radiation a t various distances 
from the sim ulator lamp. The pyranom eter provided a  m easure of the b roadband  
solar irradiance on a planar surface. Hence, th e  flux density  of the  solar irrad iance 
a t various heights from the lam p was characterized. T his inform ation was used to  
select an appropriate distance from th e  lam p which sim ulated flux density closely
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approxim ating real world availability. A z-axis laboratory jack was used in adjusting 
the height of the test setup from the lamp.
A thin-film heat flux sensor was fu rther used for sim ulator validation. T he 
sensor was exposed to incident radiation from th e  solar sim ulator to  verify the heat 
flux from the lamp. The sensor used was an Omega®thin-film flux sensor HFS-4. The 
sensor was placed a t the same distance from the lamp as the pyranom eter. The back 
side of the heat flux sensor was coupled to a  heat sink to ensure incident radiation heat 
was readily pulled across the sensor into the heat sink. Thus, a good approximation of 
the incident flux was established and compared to  the pyranom eter measurement.. A 
Custom-Thermoelectric®water block WBA-1.62-0.55-CU-01 was used as the constant 
tem peratu re heat sink. Therm al grease was applied between the  h ea t sink and the 
sensor to minimize therm al resistance. The therm al grease was OmegaTherm®201. A 
MityFlex®913 variable speed peristaltic pum p was utilized to  drive water through the 
heat exchanger block. The use of the heat sink ensured a  constan t and  dependable 
cold-sink tem perature for STC therm al testing. Figure 3.3 shows the  basic setup for 
these validation experiments.
Incoming Solar Energy 
Heat Flux sensor I I I I I I I I I I 
with Thermocouple
Heat Sink
Z-axis Jack
Figure 3.3: Basic Experim ental Setup
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As previously not ed, the radiation flux in hot regions of the world rarely exceeds 
1000 ^ 5 . W ith this in mind, sim ulated solar rad ia tion  intensity was m aintained 
below this incident value. An intensity of approxim ately 900 ^  was selected. T he 
pyranom eter was used to  determ ine the required distance from th e  sim ulator lam p 
and was verified bv the flux sensor. 900 of heat flux was obtained 6  inches fromrn*
the lamp. To minimize any convection losses during experimentation, the experiment 
was placed in an enclosed cham ber. T he cham ber consisted of an  acrylic canister 
with an air tight seal. Acrylic wyes selected due to  its high transm issivity of incident 
irradiation. The transmissivity of the acrylic lid was verified by passing the simulated 
solar radiation through the lid and measuring its flux density via Pyranom eter. The 
result showed that, the acrylic had  a  transm issivity  of 0.98. T his am ounted to  a  
radiation intensity of approximately 880 ^  reaching sample surfaces inside the acrylic 
canister, still well within typical solar radiation values.
Tem perature profiles of the various collector plates that resulted from exposure 
to the solar simulator wrere monitored using therm ocouples. O m ega® PFT 2N PT /2K  
and SAl-k-120 therm ocouples were used. Therm ocouple wires were passed through 
the bo ttom  and side of the canister and sealed w ith epoxy to m ain ta in  the isolated 
environment. To verify recorded collector tem peratures were due to direct absorption 
rather than  re-heating via greenhouse effect in th e  cham ber, the tem pera tu re  of the 
cham ber and the absorber was sim ultaneously m onitored. The therm ocouples were 
linked to a com puter using a  National Instruinents®cDAQ-9174 d a ta  logger. Figure
3.4 shows the setup for the therm al analysis.
Figure 3.4: Solar Sim ulator Setup for T em perature M easurement
Actual heat transfer from the STC to the cold sink was monit ored via heat flux 
sensor, similar to the sensor used in initial test setup  validation and characterization. 
The sensor was placed between the collector p late and  heat sink as noted in Figure 
3.5. The sensor represented small therm al impedance to  the overall heat transfer from 
collector to  sink. This value was known and recorded as 0.004 °C per from the 
manufacturer. Analysis indicated this added insulative layer, on the order of 180 fim,  
was not a  significant barrier to  heat transfer.
Supplied Thermal Energy
H I I 1 1 I I H
Heat 
Transfer
Solar Thermal Collector 
Heat Flux Sensor / Thermocouple
y  Water Block Heat Sink
Figure 3.5: Schematics of Heat Flux M easurem ent Setup
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Initial tests were conducted using a  plain copper plate as the STC. This provided 
a baseline for all future comparisons. Both tem perature of the STC and surrounding 
cham ber were m onitored until steady  s ta te  was achieved. Following the  baseline 
analysis, plates with selective absorber coating were utilized and com pared to  these 
baseline runs. Following the tem pera tu re  analysis, the h ea t sink was coupled to  the  
STC and flux measurements were performed. Similar to the tem perature measurements, 
first a baseline copper plate was studied followed by the advanced selective absorber. 
Like tem perature characterization, the heat flux analysis dem onstrated the effectiveness 
of the STC in harnessing incident solar therm al energy.
Finally, as a practical step in solar therm al energy harvesting, the absorber plate 
was coupled to the hot side of a TEG  for useful energy generation. A TEG operates on 
the Seebeck effect, which is a phenomenon in which a tem perature difference between 
two dissimilar electrical conductors or sem iconductors produces a voltage difference 
between the two materials. A com mercially available power generation module from 
Custom-Thermoelectric®(1261G-7L31-04CQ) was used as the TEG. The overall size 
of the TEG was 40 mm in length by 40 mm in width. This TEG size helped determine 
the particular surface area of the actual collector plates studied. The back (cold) side 
of the TEG was coupled to the heat sink to  ensure continuous cooling of the cold side, 
as this ensured heat could be readily rejected by the  T E G  cold side. T he heat sink 
used was the same as those utilized in previous characterization runs. Therm al grease 
was applied between the heat sink and  th e  TEG , as well as between th e  T E G  and 
the absorber p late to  minimize the rm al resistance between the various com ponents. 
To further ensure th a t the device was well clam ped together, an acrylic fram e was
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fabricated and used to clamp the device together using screws. Figure 3.6 shows 
the device assembly. The schem atics of th e  STC, TE G  and  heat sink assembly is 
previously shown in Figure 3.5. Unlike direct collector p late testing. TEG integration 
testing was conducted in the open environm ent and not w ithin the acrylic cham ber.
Heat Flux Sensor, TEG Assembled STC,
and Thermcouple TEG and Heat Sink
Water Block Heat 
Sink Inlet and Outlet
Figure 3.6: Assembled Solar Collector, TEG  and H eat Sink
The height of the z-axis laboratory  jack was re-adjusted during the TEG  test 
setup. The incident flux was re-validated to verify incident flux at th is new height. 
The radiation flux. Q, to  each TE G  device was 700 of sim ulated solar rad ia tionm J
over a  cross sectional area, A of 0.0016 m 2 (0.04 m x 0.04 m). Hence, the power, P  
available as useful input to the device is given by Equation 3.1.
W
F  =  Q x i  =  700—  x 0.0016m2 =  1.121V. (3.1)
rn2
W ith the input power set at this value (1.12 W); the performance of the device 
was evaluated in harnessing this available power. Therm oelectric generators generally 
operate at very low efficiencies particu larly  in lower tem peratu res ranges. F irst, th e
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m aximum efficiency, ?/max, expected from th e  TEG . based oil th e  given m ateria l 
properties and the operating tem perature of the device was evaluated. The maximum 
efficiency expected would be governed by Equation 3.2.
_  Th ~  Tc r V l  +  Z T  -  1 lo
Yjmax   rj' ^ rp (3.2)
T,i s/ Y T z t  + ^
To
W here Z is the figure of merit and is given by Equation 3.3.
Z  =  (3.3)
Electrical conductivity a  is the inverse of resistivity p. For an average tem p era tu re  
T  of 300 K (27 °C), typical BiTe m aterial properties indicate Seebeck coefficient, 
s =  2.01 x l0 ~ 4]^, a =  i  =  1000 ^  and therm al conductivity k =  1.5 x 10~2^ ^ .  
This resulted in an  expected ZT value of 0.808 based on E quation  3.3. In itia l 
experim ental observations showed the  hot side tem peratu re  T H was 32 °C as th e  
cold sink tem perature, Tc, was maintained a t 25 °C. Hence, the m axim um  efficiency 
expected from Equation 3.2 is given by
=  —  :,7 T- : x ' / 1  +  Z T  ~  f-  =  0.02872 =  2.87%. (3.4)
T "  v / T T z T + i ^
1 C
Thus, it is expected th a t the m axim um  power ou tp u t from this device given 
the above mentioned param eters is,
Pmax =  1.12VE x 0.02872 =  32.17mW. (3.5)
These expected output values help establish the true operation and capabilities of the 
solar therm al collectors.
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Similar to the initial tem perature and flux tests, first a bare polished copper 
plate was coupled to th e  TEG  and characterized. This provided a  baseline d a ta  
for the TEG  test. Voltage ou tp u t from th e  T E G  was monitored until steady  s ta te  
was achieved. Following the baseline analysis, th e  device with the th in  film selective 
absorber coating coupled w ith a  TEG  was also analyzed. This followed the  sam e 
procedure as the baseline copper substrate. Each test was carried out several times in 
order to  produce results th a t were both  reliable and repeatable. T he TE G  m odule 
resistance value given in the m anufacturer’s d a ta  sheet was utilized with the measured 
voltage to calculate the power output.
3.2.3 Experimental Error
T he uncertainty associated with th e  m easured and calculated values was 
determ ined for this work. Table 3.3 shows the compiled uncertainties. Tem perature, 
heat flux, collector area and voltage were measured param eters and their uncertainties 
depended on the sensors used. Power inpu t and  o u tp u t were calculated param eters 
and their uncertainties depended on the m easured param eters.
Table 3.3: M easurement and C alculation U ncertainties
M easurement Error % of Typical Value
Tem perature ±  .50 CC ±  .515
Heat Flux ±  5.26 i^n* ±  .751
Collector Area ±  .28 m m 2 ±  .018
Input Power ± 8 .4 0  mW ±  .750
TEG O utpu t Voltage ±  .50 mV ±  .387
TEG Resistance ±  1 . 0 0  m fl ±  .055
TEG O u tp u t Power ±  .07 mW ±  .780
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3.3 Results and Discussion
In this section, results of both material and therm al collector characterization 
are presented. These results represent those of th e  final black selective absorber 
coating utilized in these experiment. To fully characterize and document the collectors 
fabricated in this work, initial tests  were conducted to  establish coating types and 
compositions as described in Section 3.2.2. The SEM images of the selective absorber 
coating, shown in Figure 3.7, indicated th a t the coating has a dendrite structure . As 
the structure grows outwards from the substrate, it forms multiple branching dendrites. 
The average diam eter of the small dendrite crystals was observed to  be  about 100 
run while th a t of the bigger crystals formed by agglomeration of the smaller crystals 
measured about 750 run. EDX analysis was also carried ou t to determ ine the atomic 
composition of the selective coating. This is as shown in Figure 3.8. The result showed 
tha t the coating contained on the  order erf 27 at. % Sn and 73 at. % Ni.
Figure 3.7: SEM Image of Ni-Sn Selective Absorber a t 4000X
Figure 3.8: EDX Analysis of Ni-Sn Selective Coating
Following the investigation of STC composition, the  device was characterized 
to  determ ine the  therm al effectiveness of the coating on the substrate. T he heating  
effect was characterized by tem p era tu re  as well as heat flux density harvested  by 
each collector. F irst the baseline copper su b stra te  was tested w ithout heat sink 
while tem perature of the acrylic cham ber was also m onitored. This established th a t 
collector heating resulted from direct radiation heating rather than greenhouse effect 
within the chamber. Figure 3.9 confirms this mode of operation as dem onstrated  by 
the significant difference between the  tem perature profile of the collector p la tes and 
tha t of the cham ber. The tem pera tu re  profile showed th a t the copper p la te  had  a 
stagnation tem perature of 87 °C while the cham ber tem perature stagnated  a t 62 °C. 
Following the baseline characterization, the selective surface was tested to  characterize 
the effect of the coating on the therm al absorption of th e  substrate. T he  results 
showed an increased slope of the tem perature profile. The stagnation tem peratu re of 
the Ni-Sn selective absorber was 97 °C, representing an increase of 10 °C. A lthough
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the tem perature was increased, m ore significant results were achieved via h ea t flux 
measurement.
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Figure 3.9: Tem perature Profiles of Collector P lates and Setup Container
The heat flux density absorbed and conducted through the collector plates to  
the constant tem perature heat sink is presented in Figure 3.10. The useful heat flux 
output dem onstrated the full ability of the  collector in harvesting incident radiation. 
The ratio of the incident flux, representing energy input, and the output flux from the 
collector characterized the efficiency of the STC. As noted in Section 3.2.2. 880 ^  of 
heat flux reached the  collector plates. However, only 580 ^  (65.91 %) of th is  heat 
flux was absorbed and conducted th rough  the  bare copper collector. These values 
represented baseline data. By contrast, the flux absorbed and conducted through the 
selective absorber plate showed an average of 800 representing 90.90 % of the  
incident flux. This was about 25 % im provem ent over th e  baseline collector. Hence, 
the use of selective absorber coating significantly im proved the ability of the  solar 
collector substrate  to  harness the heat of the  incoming radiation.
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Figure 3.10: Heat Flux H arvested by Different Collectors
Finally, the collector was in tegrated  w ith a commercially available TE G  as a  
dem onstration of harvesting ability. T he collectors utilized in these tests had no top  
cover. Because of this, convection losses from the collector plate itself reduced the to tal 
output from the system. In addition, tests conducted with the large heat sink coupled 
to the TEG reduced the overall operating  tem perature. T he  cold side tem peratu re , 
Tc,  of the TEG was maintained a t 25 °C while the m aximum tem peratu re  obtained 
a t the hot side, T//, was 32 °C. The significant drop in hot side tem perature resulted 
from convection losses from the collector plate as well as the large therm al flux pulled 
across the device by the heat sink.
The voltage ou tpu t from the T E G  assembly was m onitored over tim e until 
steady state was reached. The result showed the output voltage from the bare copper 
collector assembly stagnated at 0.06 volt. Following the baseline characterization, the 
device with a selective surface collector was tested. The result revealed a faster rise in
the slope of the voltage profile signifying increased heat absorption and heating of the 
TEG. The output voltage stagnated at 0.129 volt. This was significantly higher than 
baseline values and showed the potential of th e  selective coating in use. The results 
are shown in Figure 3.11.
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Figure 3.11: Voltage Output from TEG Assembly with Different Solar Collector Plates
To verify the ou tp u t power of the  device, the T E G  resistance value was 
interpolated from the manufacturer da ta  sheet. At an average tem perature of 28.5 °C, 
the resistance, R, was 1.833 ohms. The ou tpu t power was calculated as P =  The 
graph of the power ou tp u t over tim e is shown in Figure 3.12. T he o u tp u t from the  
TEG using the tin-nickel collector plate was 9.1 mW  versus only 2 mW  when operated 
w ith the bare copper baseline setup. These resu lts indicated an increase in power 
ou tpu t of 4.5 times through the use of the collector with a selective absorber coating.
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Figure 3.12: Power O utput from TEG Assembly with Different Solar Collector Plates
Further, the useful power ou tpu t dem onstrated the ability of th e  collectors in 
harvesting solar radiation. The maximum theoretical power expected from the TEG  
(32.17 mW ) was compared to the  experim ental results. The ra tio  of th e  expected 
power and the actual output power characterized the efficiency of the device, operating 
from solar thermal energy as input. For the baseline collector plate, the ou tpu t power 
was 2.01 mW, representing efficiency of 6.24 %. By contrast, the device with selective 
absorber plate showed an average of 9.15 mW  of harvested power, representing 28.44 
% of theoretical maximum.
Initial fabrication and characterization steps performed in th is  study  showed 
the potential and capability of a thin film Ni-Sn selective absorber coating for small- 
scale solar therm al energy harvesting. In final application this device will provide 
needed therm al energy to MEMS-based devices like therm oelectric generators, micro
3.4 Conclusion
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steam engines, and other systems requiring thermal input for operation. This therm al 
collector was fabricated on copper substrate by the chemical electrodeposition technique 
of a black nickel-tin layer. C haracterization  of the coating indicated th a t it was 
comprised of dendrite crystal s tru c tu re  with average crystal size of 100 nrn. T he 
coating contained approximately 27 at. % Sn and 73 at. % Ni.
Thermal and heat flux absorption testing indicat ed th a t the coating significantly 
improved the ability of the collector to  transform incident solar radiation into therm al 
energy. The solar collector utilizing the selective coating achieved a final tem perature 
10 °C higher than the copper baseline device. In addition, the use of nickel-tin selective 
absorber coating dem onstrated the  ability to collect and  transm it over 90 % of the 
available heat flux.
The integration of this small scale solar therm al collector with a  TEG  for useful 
power generation has also been dem onstrated. In th is experim ent, th e  calculated 
maximum theoretical power expected from the TEG was compared to the experimental 
results. The ratio  of the expected power and the  actual ou tpu t power characterized 
the efficiency of this device. Given a collector p la te  w ithout selective coating, the 
ou tpu t power was 6.24 % of theoretical maxim um . By contrast, the device utilized 
with selective absorber achieved 28.44 % of theoretical maximum. The use of selective 
absorber coating significantly im proved th e  ability of th e  solar collector su b stra te  
to harness the heat of the incoming radiation. This dem onstrated  the  ability  of the 
collector p la te  to  provide therm al energy to devices like TEG s for deploym ent in 
real-world applications.
Further work is underway to enhance the operating tem perature of the device by 
reducing convection losses from the collector plate through the  use of cover glass. Given 
higher operating  tem perature, the power ou tp u t from the  device will be increased. 
Continuing work is also underway to  scale up the design for use with larger collector 
surface areas. In this manner, more solar radiation can be harnessed and utilized in 
generating useful power output. This will dramatically increase output from attached 
devices.
C H APTER 4
PERFORM ANCE OF FLAT PLATE COLLECTORS IN  
LOW THERMAL CONDUCTIVITY ENVIRONM ENT
4.1 Introduction
Therm al losses from heat engines lim it the  system  overall efficiency. In solar 
therm al systems, maximizing absorption while lim iting losses due to  convection and 
radiation losses is critical in achieving high tem peratu re  values. W hile selective 
absorber coating is used to enhance absorption and limit re-radiation losses, therm al 
insulation helps to reduce convection and conduction losses from the collector plate. 
This chapter examines therm al insulation in solar therm al applications.
Many types of insulation are available in the market. The basic consideration in 
selecting any particular insulation m aterial is to  reduce the flow of heat from one point 
to  the other. Specific param eters such as therm al conductivity, operating tem perature, 
combustibility, chemical stability, m echanical s treng th  and  durability, and  cost are 
also considered in the m aterial selection process.
The thermal conductivity of traditional therm al insulation materials like mineral 
wool, expanded polystyrene (EPS) and extruded polystyrene (XPS) is in the range of 
0.033 to 0.040 while polyurethane (PUR) have therm al conductivity ranging 
from 0.020 4 L  to  0.030 [52, 53, 54], To achieve very low therm al transm ittance,
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U-value, (rate of heat transfer, in watts, across one square meter area divided by the  
tem perature gradient across the surface), high insulation thickness in the  range of 40 
cm to 50 cm is required [54], Hence, space and weight constraints limit the application 
of these materials. More so, these materials are not transparent to solar radiation and 
therefore do not readily find application in solar therm al collectors.
Another growing insulation m aterial is aerogel. One advantage of this m aterial 
is its light weight (about 90 % porosity). Further, silica aerogel granulate nanostruc­
tu red  material has been reported to  have high solar transm ittance  and low therm al 
conductivity, and are commercially available w ith therm al conductivity as low as 0 . 0 1 2  
and thickness in the mm range [55, 56, 57]. For a required therm al performance, 
aerogel exhibits a reduced thickness com pared to  traditional insulation. Hence, silica 
aerogel has a promising potential in solar therm al applications. However, the cost of 
aerogel insulation a t this time is still relatively high.
Other techniques being actively explored for flat plate solar therm al applications 
include vacuum insulation panels [58] and gas-filled panels [59]. In vacuum insulation, 
the volume between th e  absorber p la te  and  th e  cover glass is evacuated thereby 
lim iting convection and conduction losses. T he  concept of vacuum  insulation was 
invented in 1892 by Sir Jam es Dewar. T he D ew ar flask consisted of two flasks, one 
placed within the o ther and joined a t the  neck, w ith the gap between the  two flasks 
partially evacuated of air. Conduction and convection heat transfer is elim inated by 
the near-vacuum environment. In reality, a perfect vacuum is never achieved. However, 
low pressure environment positively influences gas conductivity. This technique is also 
used in glass window panels. The work contained  in th is chap ter seeks to  in tegrate
49
vacuum insulation technology with fiat p la te  solar therm al collector so as to reduce 
energy losses from the plate to a minimum.
In the absence of sufficient vacuum capabilities, the volume between the collector 
and the cover glass may also be filled a  low therm al conductivity gas such as argon 
(Ar). krypton (Kr). and Xenon (Xe). This way the  gas-filled panel enhances insulation 
qualities as gas conductivity is lowered. In both vacuum insulation and gas-filled panel, 
herm etic sealing is critical. For micro scale applications, there are m any established 
vacuum packaging/encapsulation techniques with airtight seals [60]. The effect of low 
pressure environment on the therm al performance of a solar thermal collector plate is 
presented in this chapter.
4.2 Experimental and Num erical M ethods
This section describes numerical and  experim ental investigations conducted 
to therm ally characterize the perform ance of solar collector p lates in low therm ally 
conductive environm ents. The fabrication and  testing  of a  solar selective absorber 
coating in atmospheric pressure conditions have previously been reported in C hapter 
3. Fabrication of the collectors tested as part of this current effort followed the same 
procedure as tha t described in Section 3.2.1.
4.2.1 Theoretical M odel and Numerical Analysis
4.2.1.1 Tem perature variation in evacuated spaces
In an enclosed volume, such as flat p la te  collectors, the pressure (density) 
of the  gas between the p late and cover glass m ay be sufficiently lowered so th a t 
free-convection flow velocities are very small. This way, the only form of heat transfer
50
between the gas molecules is by conduction. T he kinetic theory of gases describes a 
gas as molecules in continuous random  motion, colliding with one ano ther and with 
the walls of the container. The collisions result in exchange of energy and momentum. 
That is, when a molecule moves from a high-tem perature region to a lower tem perature 
region, it carries with it kinetic energy to the low er-tem perature region. The kinetic 
energy is exchanged with the lower energy molecules through collision. T he average 
distance a  molecule travels between collisions is described by the  m ean free p a th  A, 
and can be calculated using Equation 4.1 [61].
A =  — ~ ------. (4.1)
ny/2'K<P
W here n is the gas number density and d is the  average diam eter (in m eters) of the 
gas molecules.
From kinetic theory of gases, the pressure (in Pascals) and num ber density of 
a gas molecule are related as shown in Equation 4.2 [61].
P  = nkT .  (4.2)
Where K is the Boltzmann constant (1.38x 10~ 2 3  J K '1) and T is the gas tem perature 
in Kelvin (K). Applying E quation 4.2 into E quation 4.1, the mean free p a th  can be 
obtained by Equation 4.3
K T  , ,
(4.3)
P\Z2ttcP
The average diam eter, d, of air (3.16 x 10“ 10 m) is obta ined  by a  w eighted average 
(79:21) of the molecular d iam eters of nitrogen (3.2 x 10~ 1 0  m) and  oxygen (3.0 x 
10~ 10 m). An approximate mean free path  Equation for the air molecules is therefore
given by Equations 4.4 and 4.5. W hen gases other than air are utilized, the diam eter 
of the gas molecule is used accordingly to determ ine the  mean free path. In all cases 
however, the mean free path increases (and hence less energy transfer) as the pressure 
is lowered, assuming steady s ta te  tem perature conditions.
W ith an increase in A, resulting from lowering the  pressure of the system , the 
average distance required for energy exchange between the h igh-tem pera tu re  and  
lowcr-temperature regions increases. In a flat plate collector, when A is large, the hot 
collector p late and the gas molecules in contact or in th e  im m ediate neighborhood 
of the p la te  will have different tem peratu re  values. In th is case, the  tem p era tu re  
distribution is governed by the molecular activities.
Heat transfer by molecular flow is different from boundary-laver (continuum  
flow) regime where the tem perature of the hot p late and th e  gas in contact w ith it is 
assumed to have same tem perature values. In the continuum  regime, the  pressure is 
near atmospheric and so the mean free path is very small. Hence, heat energy is more 
easily transferred by collision of molecules. The N usselt num ber is usually used in 
correlating heat transfer in the boundary layer regime [62, 63].
A transition  regime exits in which heat transfer is not exactly governed by 
molecular flow nor by continuum flow. This interm ediate regime is further classified 
into slip and transition regimes [64, 65]. Knudsen num ber (Kn), a  ratio  of the  mean 
free path of the gas molecules to the characteristic length L of the device, describes the
A(m) =  3.11 x HT°
T
(4.4)
2.33 x 1 0 (4.5)
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various regimes. Kn is calculated using Equation 4.6 [27]. The characteristic length of 
the collector plate L, is defined here as the ratio  of plate area to  its perim eter. This 
and the average tem perature T f, of the plate was used to  verify the flow regimes and 
pressure ranges based on the Knudsen number. This is as shown in Table 1 . 1 .
K n  =  —. (4.6)
Table 4.1: Flow Regimes Versus K nudsen Number
Knudsen number Pressure (Torr) Flow regime
Kn <0.001 P > 9 Continuum flow
0.001 <  Kn <  0.1 0 .0 9 < P < 9 Slip flow
0.1 <  Kn <  10 0 .0009< P < 0 .09 Transitional flow
10 <  Kn P <0.0009 Molecular flow
As the pressure is lowered, n a tu ra l convection w ithin the  enclosure is also 
lowered. The m ain source of heat transfer therefore becomes conduction (by gas 
molecules) and radiation. At a sufficiently low pressure (the  molecular flow regime), 
natural convection is completely eliminated.
The therm al conductivity of gas varies with tem perature and pressure. K am in­
ski [6 6 ] presented a  correlation for the pressure (Pa) and tem perature (K) dependence 
of thermal conductivity as shown in Equation 4.7
ke = ------------ - -------------------------------------------------- (4.7)
1 +  7.657 x lO"5^
Where kc and kf, are therm al conductivities of air a t atmospheric and reduced pressure 
conditions respectively, d is the distance between the plates. Overall, ke decreases with 
decrease in pressure until the heat conduction is completely eliminated irrespective of
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operation temperature. The pressure dependence of air thermal conductivity is shown 
in Figure 4.1 for different tem peratures.
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Figure 4.1: Pressure Versus Therm al C onductivity of air a t Different Tem peratures
4.2.1.2 Collector plate energy balance
The useful energy harvested by a  solar collector is determined by the ability of 
the surface to  absorb incident rad iation  as well as the capacity of th e  body to  lim it 
long wavelength rad ia tion  from the surface. Further, the convection losses from the  
collector plate to the  am bient air lim its the overall useful energy gain. Equation 4.8 
shows the available useful energy, Q u harvested by a solar therm al collector plate [67].
Q u  = quA c = (Ta)qaA c -  U A e(Te -  Ta) -  t a A e( f e4 -  Ta4). (4.8)
[useful energy harvested] =  [energy absorbed]-[convection losses]-[radiation losses].
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As can be seen from Equation 1.8. th e  energy absorbed depends on th e  
transmissivitv-absorptivity product ( r a ) .  the area of the collector A c and the incident 
solar radiation intensity qH. The radiation loss from the surface of the collector plate 
is directly proportional to the emissivity c of th e  surface. Further, since the sides of 
the collector as well as the top  and bo ttom  surfaces are subject to  convection and 
conduction losses, the overall heat transfer c oefficient U is critical in the  am ount of 
losses from the plate. These critical param eters are analyzed next.
4.2.1.3 Steady-state tem perature
The tem perature of the absorber element rises as radiation is absorbed. Hence, 
the tem perature varies with time. However, to simplify this analysis, a  s teady-sta te  
(therm al equilibrium) condition is assumed. Hence, this section presents the steady- 
s ta te  tem perature conditions for a solar collector element.
At thermal equilibrium, the energy absorbed by the collector is equal to  th a t 
lost from the surface such th a t there is no net energy gain as shown in Equation 4.9. 
If the cover glass is highly transmissive such th a t Tg ~ 1 , then the absorbed energy is 
dependent on the solar absorptivity a s of the surface while the am ount of losses from 
the collector is related to the em ittance t and the  heat loss coefficient, U [67].
0 =  a sqsA c -  U A e{Te -  Ta) -  ca A e(Te4 -  T 4). (4.9)
a sqsA c =  U A e(Te -  Ta) +  t o A e{ T e' -  T4). (4.10)
The ability to achieve high tem p era tu re  values is critical for a  system  th a t 
relies on thermal energy as input. The goal here is to design a system th a t maximizes 
tem perature gain from the sun ’s heat energy. Typically, in a  flat p la te  solar collector
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there1 are no optical concentrating devices. T he a rea  of the  collector A c is equal ter 
the area of the absorber elem ent of the collector A e. This reduces E quation  4.10 to 
Equation 1.11.
4.2.1.4 Negligible heat loss coefficient
If the collector’s overall heat loss coefficient is negligible ( th a t is U = 0 ) such 
tha t there are no convection or conduction losses from the plate, then the stagnation 
tem perature of the collector (from Equation 4.11) can be re-written as Equation 4.12. 
It has been demonstrated th a t vacuum packaging a t a pressure of 10 m torr (~1.3 Pa) 
or below is sufficient to com pletely elim inate conductive and convective heat losses
Figure 4.2 show's the achievable tem peratu res under different a s and e values. 
It can be seen tha t a flat plate collector will achieve a stagnation tem peratu re  above 
300 °C if the infrared emissivity is kept below 0.132 and there are no conduction and 
convection losses from the plate. Lower values of infrared emissivity will be required 
depending on the value of th e  collector absorptivity . A detailed review of absorber 
coating materials yielding varying absorptivity  and emissivity values is given in Ref 
[21]. Many of these coating m aterials are also commercially available.
a„qa =  U(Te -  Ta) +  ca(Te4 -  Ta4). (4.11)
[68].
(4.12)
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Emittance, ss
Figure 4.2: Steady-state tem perature contour plot of a surface exposed to  750 and 
ambient tem perature Ta of 25 °C, based on absorptivity and emissivity of the surface
In this work, nickel-tin (Ni-Sn) coating has been selected as the  collector 
absorber m aterial. Previous work has indicated black Ni-Sn selective coating has 
promising potential as a highly effective selective absorber structure w ith absorptivity 
a s of 0.98 and emissivity e of 0.10 [46].
4.2.1.5 Heat loss coefficient effect
In real world applications however, the amount of heat absorbed by the collector 
is lowered by therm al losses from th e  collector. Again, if steady s ta te  condition is 
assumed, the net useful heat gain absorbed by the collector is zero. E quation 4.11 is 
used to evaluate the effect of heat loss coefficient U on the steady s ta te  tem peratu re
of the absorber element Tc. This assum es known values of incident rad ia tion , solar 
absorptivity a s, emissivity e, and am bient tem perature T a .
The overall heat loss coefficient U is a function of various param eters. These 
include the tem perature of the absorber plate, glass cover and am bient tem perature, 
emissivity of absorber (ce) and glass cover (tg), num ber of glass cover plates (N), air 
gap distance, plate tilt angle ,i. therm al conductivity of insulation m aterial (k) and 
its thickness (x), convective heat transfer coefficient (ha), etc. T he to ta l heat loss 
coefficient U from the absorber surface to the am bient is the sum of th e  top  loss 
coefficient Utop, edge loss coefficient Uedge and the back loss coefficient Uback■ as shown 
in Equation 4.13.
An expiation for Utop, developed by Klein [69] and  modified by Duffie and 
Beckman [8 ] is presented in E quation 4.14. This is used to  approxim ate the therm al 
loss coefficient to the ambient environment. The ambient wind loss coefficient ha, and 
the tem perature gradient between the glass cover and the  ambient influences the top 
loss heat transfer coefficient.
(4.13)
a(Te +  Ta)(T 2  +  Ta2)
(4.14)^ r -| e T »
C  T f  —Tg ha
T c N + f
( te T  0.00591A^^a)
where
C  = 520(1 -  O.OOOOST?2)
/  =  (1 +  0.089/jo -  0.1166/iaee)( l +  0.07866iV)
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Further, the back-loss and cdge-loss coefficients can be solved using Equations 
1.15 and -1.16 [19].
h,
U,back
J'b
(4.15)
ed9e = 7 A  TSftf1 )  (4 ' 16)
ke ( { L  + W ) H \
where L x W  is the area of the absorber and H is the height of the collector casing.
Buchberg e t al [70] have suggested the  following correlation for solving th e  
natural convection heat transfer coefficient in the  enclosed space between the absorber 
plate and glass cover.
N u .k
L
(4.17)
where Nu is the Nusselt number, k is the therm al conductivity of air and L is the air 
gap. Nu may be calculated using E quation 4.18 [71].
N u  =  1 +  1.44 1  - 1708 
cos 13. Ra
1
s in ( l.8.3) .1708 
cos <3.Ra +
cos ,3. Ra \ 1^ 3 
5830 )
(4.18)
where R a is the  Rayleigh num ber (a  p roduct of the G rashof and P ran d tl num bers) 
given by Equation 4.19.
v 1-
(4.19)
4.2.2 Test Setup and Procedure
This section describes tests conducted to therm ally characterize the performance 
of these collector plates in low therm ally  conductive environm ent. Two tests  were 
conducted. T he first was conducted under atm ospheric conditions sim ilar to  th a t 
reported in Chapter 3 and formed the baseline d a ta  for this work. The second test was
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conducted under an evacuated environm ental condition. Lower pressure conditions 
as shown in Section 4.2.1.1 lim its h ea t losses. The effect of pressure variation on 
tem perature was experimentally studied. Both tests were conducted with the collector 
p late set up in an enclosed cham ber. T h is  fu rth er helped to lim it convection losses 
from the ambient.
A halogen lam p was used to sim ulate solar radiation in th is experim ent. The 
sim ulator lamp used was the Sun System® SS-2 MH 400W lam p. All tests were 
conducted by exposing the collector p la te  to incident radiation from the lamp. Like 
the sun, the intensity of the radiation from th e  lam p varied with distance. As th e  
distance from the lamp increased, the intensity of output decreased. A H uksefiux®SRll 
pyranometer was used to validate the intensity of the radiation at various distances from 
the simulator lamp. This information was used to select an appropriate distance from 
the lamp which sim ulated flux density closely approxim ating real world availability. 
A z-axis laboratory jack was used in ad justing  the height of the te s t setup from the 
lamp.
An intensity of approximately 796 ^  was selected. The pyranom eter was used 
to determ ine the required distance from th e  sim ulator lamp. T he experim ent was 
placed in a  vacuum cham ber to  minimize heat losses during  experim entation. T he 
vacuum cham ber was m ade of alum inum  6061 tu b e  and borosilicate glass window. 
More detailed construction diagrams for the  cham ber is included in appendix A. The 
transm issivity of the chamber glass cover was verified by passing the sim ulated solar 
radiation through the lid and measuring its  flux density via Pyranom eter. The result
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showed tha t the glass had a  transm issivity of 0.98. T his am ounted to  a  rad ia tion  
intensity of approximately 780 ^  reaching sam ple surfaces inside the chamber.
A fiberglass material (Garolite G-7 from McMaster-Carr®) was used as a frame 
to support the collector plate a t the center of the chamber. The frame was suspended 
as shown in Figure 4.3 using 36 SWG (standard wire gauge) nichrome wires. Garolite 
G-7 was selected due to  its very low therm al conductiv ity  (on th e  order of 0.3 —j -) 
and high mechanical strength. The low therm al conductivity helped to  lim it therm al 
conduction from the collector during operation while the mechanical strength  ensured 
stable support for the collector plate. The nichrome wires were epoxied to  the chamber 
wall. This created a suspended base for the  collectors. Each collector was placed 
on the fiberglass base such th a t the collectors did not extend to the  nichrom e wires. 
This way. heat loss through conduction from the collector plate was only through the 
fiberglass.
Figure 4.3: Vacuum C ham ber w ith Suspended Fiberglass Frame for Collector P la te  
M ounting
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The temperature of the collector plate and chamber environment when exposed 
to incident radiation were m onitored using therm ocouples, TCs (SA l-k-120 from 
Omega®Engineering). The first TC was placed on the  back side erf th e  collector 
plate. This monitored the p la te  tem perature during operation. The second T C  was 
suspended within the chamber to directly monitor the tem perature w ithin the chamber. 
A therm ocouple feedthrough (TFT3KY00008B from Lesker®, USA) was used to fit 
the T C s through the cham ber wall. This was useful in m aintaining the  isolated 
environm ent. National Instrum ents LabV IEW ® (using cDAQ-9174 d a ta  logger) was 
used to record all TCs da ta  to  a computer for analysis. Figure 4.4 shows the vacuum 
chamber setup with mounted collector plate ready for testing.
Figure 4.4: Collector P la te  M ounted in a Vacuum Cham ber Ready for Testing
A vacuum pump (Alcatel®SD 1015) was used to  evacuate the cham ber for the 
low pressure tests. The pressure of the cham ber was m onitored using a  convection
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pressure gauge (KJL275807 from Lesker®. USA). In all th e  tests, tem peratures were 
monitored until steady state  conditions were reached.
4.3 R esults and Discussion
4.3.1 Numerical Results
First, results from the numerical analysis is presented. It has been noted tha t 
the overall heat loss coefficient lowers the average collector plate tem perature. Figure
4.5 shows this relationship between U and Te. Actual absorptivity a s determ ined from 
C hapter 3 was used for this analysis. This plot assumes an incident rad iation  of 750 
^ 2 , absorptivity «  0.91 and emissivity < 0.1.
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Figure 4.5: Effect of overall heat transfer coefficient U on the steady-state tem perature 
of a surface exposed to 750 and Ta of 25 °C, based on a  = 0.91 and e — 0 . 1
63
It can be seen from Figure 4.5 th a t as the heat loss coefficient increases there 
is a significant decrease in the absorber plate tem perature. Hence, adequate therm al 
insulation m ust be utilized to limit heat losses from the plate.
Further, the overall heat loss coefficient and other param eters were estim ated 
based on the formulations of Section 4.2.1. The range of variables as determ ined are 
listed in Table 4.2. T he values ob ta ined  were com pared to  results of experim ental 
tests.
Table 4.2: Solar Collector Specification Variables
V a ria b le R a n g e
Ambient tem perature, T„ 298 K
Absorber plate tem perature, T c 363-388 K
Absorber plate em ittance er. 0.1
Glass cover em ittance, t g 0.90
Collector tilt angle, ,3 0 °
Collector length, L 0.04 m
Collector w idth. W 0.04 m
Number of cover, N 1
Insulation material Vacuum
Wind heat transfer coefficient h„ 1-10 W .in~2K ~ x
Top loss coefficient, U t„p 1.68-4.40 W . n r 2I<
Total loss coefficient U 3.10-7.86 W .7 ,r 2I<~x
4.3.2 Experimental Results
This section presents results of experim ental tests  conducted to  validate the  
numerical analysis. Temperature of the collector plates were monitored when exposed 
to radiation flux. Two tests were conducted. The first recorded the tem pera tu re  of 
the plate under atm ospheric conditions while the second test was conducted under 
an evacuated volume. In both cases, th e  tem peratu re of th e  plates and th e  vacuum  
chamber were m onitored until steady s ta te  conditions were achieved.
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Figure 1.6 shows the collector tem perature plot for the atmospheric and partial 
vacuum conditions. The tem perature profile showed th a t the  plate had a stagnation 
tem perature of 96 °C under atm ospheric conditions. T h is  is sim ilar to  the result 
reported in C hapter 3. Following the atm ospheric condition tests, the collector plate 
was also tested to characterize the effect of the low pressure condition on the therm al 
performance of the p late. T he result showed an increased slope of th e  tem pera tu re  
profile. The stagnation tem perature of the plate was 115 °C, representing an increase 
of 19 °C. For the evacuated tests, the pressure of the chamber was lowered to 715 mTorr 
(from 760 T on) and held constant at th is  point th roughout each test. T he cham ber 
interior tem peratu re was also m onitored in each test. In both cases, the  cham ber 
tem perature stagnated  a t about 58 °C. This is much lower than  th e  tem peratu re  of 
the  plate for each test confirming th a t th e  p lates were heated d irectly  by therm al 
radiation and not by greenhouse effect w ithin the chamber.
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Figure 4.6: Collector P lates and Vacuum Cham ber Tem peratures
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To further confirm the tem peratu re  gain recorded under partia l vacuum  
condition was primarily due to the space evacuation, air molecules were re-introduced 
into the cham ber after steady sta te  conditions were reached. T he  vacuum  release 
points are as shown in Figure 4.6. As the cham ber pressure rose, th e  tem perature of 
the plate reduced. Interestingly, as the cham ber pressure increased back to  760 Torr, 
the tem perature of the collector again m atched the tem perature obtained previously 
under atm ospheric condition tests. Sim ilar resu lt was also noted for th e  cham ber 
tem perature. The reduction in collector tem p era tu re  was caused by energy losses 
occasioned by the presence of air molecules w ithin the chamber. These results agree 
with numerical results which predicted an  increase in collector tem p era tu re  w ith a 
decrease in chamber pressure.
4.4 Conclusions
The use of vacuum environm ent to  lim it th e  therm al losses from a  collector 
plate has been presented. Tests were conducted to  verify the  operation tem peratu re 
of collector plates when exposed to  sim ulated  solar radiation. R esults showed an 
improvement in the stagnation tem pera tu re  of the  collector p la te  when operated  
in a  partial vacuum environm ent (715 m Torr) com pared to  results ob ta ined  under 
atmospheric pressure (760 Torr). The tem peratu re  of the plate increased from 96 °C 
to 115 °C (an increase of 19 °C) by lowering the  pressure of operation environment.
Further work will exam ine the tem p era tu re  of the  plate under higher vac­
uum  conditions. Also, effort is underway to  exam ine th e  effect of o ther operation 
environm ents w ith low therm al conductiv ity  gases like argon, xenon and krypton.
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This way. rather than maintaining a  vacuum environm ent, other gases (w ith therm al 
conductivity lower than air) may be utilized to  replace air molecules w ithin the  
operation environment. It is anticipated that this would also limit therm al losses from 
the collector plate.
CHAPTER 5
MEMS-BASED BOILER FOR THERMAL SCAVENGING
APPLICATIONS
5.1 Introduction
The growing need for efficient, sustainable energy is driving research to  examine 
both new sources of energy as well as m ethods to  increase the efficiency of devices 
and processes tha t are already in place. The U.S. D epartm ent of Energy (DoE) has 
predicted th a t  the world’s energy dem and will increase 53 % by 2035 com pared to  
2008 levels of 505 quadrillion British therm al units (B tu) [72]. This makes advanced 
energy technologies particularly relevant. Traditional “clean” energy sources such as 
solar and wind power are rapidly being developed. O ther non-traditional techniques 
aimed at harvesting thermal energy th a t is otherwise discarded to the environm ent as 
a part of a larger process are also being investigated.
In 2010, the United States consumed 98 quadrillion BTUs of energy [73]. The 
transporta tion  sector alone consum ed nearly one th ird  of th a t total. T he challenge 
however is th a t a typical O tto  Cycle engine has an efficiency tha t is on th e  order of 
35 % [74], Hence, the vast m ajority  of unused energy from an autom obile engine is 
released to the environment as low-grade waste heat in the  form of radiator heat fluxes 
or exhaust. These losses to the environm ent, sim ilar to  those of m icroelectronics as
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well as solar therm al rad ia tion . present an unique opportun ity  to  develop solutions 
tha t scavenge and turn  this "wasted” therm al energy into useful power ou tpu t.
One method of harvesting therm al energy is through the use of therm oelectric 
generators (TEGs). These devices serve to convert therm al energy directly to electrical 
power via th e  Seebeck effect. A pplication of T E G  in solar energy harvesting  is 
presented in C hapter 3. In addition to TEGs. therm al energy may be used to  drive a 
phase change in a working fluid when integrated with a heat exchanger. MEMs-based 
heat engines for power generation are being developed th a t rely on this phase change 
for useful power output [32, 33, 34, 35, 75].
In this chapter, research on a  unique small scale heat exchanger is presented. 
The micro heat exchanger (MHE) is designed to pair w ith other devices like therm o­
electric generator (TEG ) and o ther trad itional small scale heat engines for therm al 
management application. In TEG applications, energy dissipated from other devices 
and processes may be efficiently introduced and rejected from the  T E G  itself via 
the heat exchanger. This increases therm al cooling effect from such devices and 
processes, and enhances the perform ance of the TE G  and overall effectiveness of the 
therm al scavenging. T he MHE presented in this work m ay also be applied in solar 
therm al power applications where the  heat from the solar collector is rejected in to  
the exchanger. T his way, absorbed heat from the  collector plate may be utilized in 
the working fluid within the exchanger for useful power generation. In addition, this 
robust MHE is well suited to application in other MEMS fields. There are numerous 
applications th a t include use in micro steam  systems as well as many others [76].
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Cross-flow air heat exchangers were exam ined by C rane and Jackson th a t 
included a detailed modeling effort [77]. A TEG constructed with Bi2 Te3  was sourced 
as the power conversion device in th a t work. As in larger scale exchanger work, th e  
geometry and materials selection have been noted as critical elements to effective MHE 
development [78, 79, 80], Due to  space considerations, o ther research specifically 
exam ined the use of micro scale com ponents in applications related to  therm al 
scavenging from w ater flows [81]. M any of these approaches have consisted of single­
phase exchangers. W aste and /o r solar therm al energy may be used to  drive a  phase 
change in a working fluid when in tegrated w ith a heat exchanger. The use of phase 
change has been less common in th e  field of therm al scavenging. Nonetheless, th e  
advantages of this approach have been m anifested in applications like com puter chip 
cooling [82, 83], Micro-devices and m icro channel design have been of particu la r 
interest [83]. Tuckerman and Pease first noted tha t m iniaturizing cooling channel 
dimensions leads to  increased heat transfer efficiency [84]. In CPU application there 
has also been research in capillary driven exchangers where working fluid phase change 
is again the prim ary m eans of heat transfer [85, 8 6 , 87, 8 8 , 89, 90]. W orking fluids 
have varied, bu t have typically depended on the  tem pera tu re  ranges of th e  final 
applications.
The unique heat exchanger presented in this work relies on m ultiple rows 
of capillary channels to  prom ote m ass and h ea t transfer using working fluid w ith  
low-temperature boiling point. By design, it is intended for application to small-scale 
devices in therm al dissipation and energy scavenging work. Figure 5.1 illustrates the 
basic concept. Therm al energy dissipated as part of a larger process is applied to  the
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exchanger lower surface which is patterned  w ith capillary channels. T he rectangular 
capillary channels extend between two working fluid reservoirs and continually feed 
working fluid across the heated surface. This results in phase change of the working fluid 
and heat transfer awav from the therm al source. Similar to  waste heat applications, 
solar thermal energy m ay be applied to drive th is phase change in the working fluid. 
The design as shown in Figure 5.1 m ay be inverted when used in solar therm al 
applications. This way, solar radiation serves as the  heat supply to  the exchanger.
Fluid Inlet Heat E xchanger C ap Vaporized Working Fluid
Working Fluid 4 t He^t Exchanger
Reservoir H e a t S u p p ly  Surface
Figure 5.1: MEMS-Based Boiler Configuration
In order to  characterize the perform ance of the device, th e  therm al energy 
transferred  into the  working fluid via th e  various m icrochannels is observed. T he 
working fluid mass transfer ra te  is recorded and  th is provides an insight into th e  
exchanger ability to harvest therm al energy through the  m ultiple capillary channels. 
This metric of performance is normalized by the area of the  exchanger p late to yield 
values in in1
In this work, the working fluid was introduced into the reservoir region using a 
syringe pump and the vaporized fluid was collected and weighed after each experimental 
run. This way, the m ass transfer ra te  was fully m onitored during the experim ents.
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Effort, was concentrated at direct study of th e  effect of capillary heights of the 
microchannel designs with respect to mass transfer and power consum ption.
5.2 Experimental M ethods
5.2.1 Fabrication
The MHEs described in this worked were produced via rnicrofabrication 
techniques. The use of rnicrofabrication techniques presents several advantages. First, 
batch fabrication allows the generation of many devices from singular processing steps 
[91]. Further, the small scale of the approach allows installations of small, single units 
as well as larger applications where many devices work from a larger therm al energy 
source.
O peration of exchangers fabricated w ith silicon capillary channels and those 
fabricated using SU- 8  m aterial for capillary channel walls have been docum ented in 
litera tu re  by our group [92, 75]. In these previously reported  work, channel w idths 
were maintained a t 100 pm . The use of SU - 8  allowed an increased range of channel 
aspect ratios compared to the  basic silicon struc tu res. Heat transfer was, however, 
im peded in the SU- 8  channel walls as SU - 8  is a  non-conductive polym er m aterial. 
In th is present work, channel w idth was m ain tained  a t 300 gm  for each exchanger 
studied. Channel heights were varied to  allow study  of capillary action and therm al 
mass on exchanger heat transfer capability. Exchanger heights varying from 110 pm  
to 200 pm  were fabricated and characterized. In all cases, silicon served as the original 
substrate material. Each exchanger had an overall size of 13 mm in w idth by 38 mm 
in length. Overall channel lengths were 25.5 mm, centered on the exchanger between
72
the reservoirs as noted in Figure 5.1. Specific fabrication techniques and  designs are 
discussed next.
5.2.1.1 Silicon channels
T he exchanger device was fabricated based on silicon capillary channel con­
struction techniques. The silicon exchanger fabrication began w ith a  s tan d ard  400 
/nil thick, double-side polished < 100>  silicon wafer. F irst, a 150 ran thick layer of 
aluminum was deposited directly  on one side of the  silicon wafer. E lectron  beam  
deposition technique was used to  deposit the m etal layer using CHA® electron beam  
evaporator. The aluminum layer served as a mask for silicon etching. This mask layer 
thickness (and the subsequent photoresist layer) was sufficient to selectively etch the 
wafer to the depths studied in this work.
Following aluminum deposition, 1 pm  thick layer of photoresist (Microp- 
osit Sl813® from  Shipley, USA) was spin-coated on the  wafer using CEE® 100 pro­
grammable resist spinner (Brewer Science, USA). The photoresist was used to  pattern  
the wafer via Shipley recommended guidelines [93]. Electronic Visions EV420 optical 
mask aligner was used to align and  expose the photoresist. The exposed resist layer 
was removed using M icroposit M F-319®developer. Channels were p a tte rn ed  into 
the photoresist with individual w idths of 300 /tin. Next, th e  alum inum  layer in the 
exposed region was etched out using alum inum  etchan t Type A (Transene, USA). 
This readied the wafer for deep reactive-ion etching (DRIE) of the required channel 
structures. The wafers were etched on one side via DRIE using the Bosch process [94] 
on an ALCATEL®, A601E Inductively Coupled P lasm a (ICP) etcher. Exchangers
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with channel depths of 110. 130 and 200 //in were created  by varying th e  du ra tio n  
of the etching process. The different heights allowed com parison of channel height 
effectiveness on fluid mass and heat transfer. Following the etching process, any 
remaining photoresist and alum inum  mask were removed via acetone and alum inum  
etchant respectively. The individual exchanger dies were then diced from the  original 
wafer. This readied them  for integration with the exchanger cover piece.
5.2.1.2 Exchanger top piece
To utilize the capillary channels for thermal scavenging applications, a top piece 
was added to  each exchanger device. T he bonded top-piece served to  prevent fluid 
as well as heat leakages from the  boiler surface. In th is work, Polydim ethylsiloxane 
(PDMS) has been used as the top-piece. The PDM S capping pieces were generated  
using the tw o-part Dow Corning®SYLGARD 184 silicone elastomer. T he two parts, 
elastomer base and curing agent, were mixed in the  ra tio  of 10:1 by weight. A fter 
thoroughly mixing the two parts , th e  m ixture was degassed in a  vacuum  cham ber 
for 30 minutes. Heraeus®VT 6060 program m able vacuum  drying oven was used for 
the degassing process. Next, alum inum  foil was w rapped around a  silicon wafer to 
form a mold for casting the degassed mixture. This mold was used to cast the PDMS 
up to  3 mm thickness. After curing th e  cast PD M S in an oven a t 75 °C for 1  hour, 
they were cut into pieces of size 40 mm by 16 mm. W orking fluid inlet and exit holes 
were created by punching through the PDMS using a 1.5 mm diameter puncher. The 
PDMS were then  bonded to  th e  individual exchanger dies using low tem p era tu re  
plasma-enhanced bonding technique.
Plasma creates highly hydrophilic surfaces and therefore enhances bond strength. 
Further, the introduction of roughened surfaces and reactive chemical groups in 
addition to the cleaning of contam inants by oxygen plasma also improves bond quality 
[95]. Prior to  the plasm a treatm ent, the exchanger dies were cleaned using s tandard  
cleaning (SC) procedures. The first cleaning step (SC-1 ) consisted of soaking th e  
exchanger dies for 15 minutes in a solution of 5 parts water, 1 part 27 % am m onium  
hydroxide and 1 part 30 % hydrogen peroxide (volume ratios) a t 70 °C. This was 
followed by de-ionized w ater rinse. SC-1 step  helped removed organic residues and  
films from th e  silicon surface. N ext, th e  second cleaning step (SC-2) was used to 
remove thin oxide layer as well as ionic and metal atomic contaminants. Similar to SC-1 
procedure, SC-2 consisted of soaking the  exchanger dies for 10 m inutes in a  solution 
of 6  parts water, 1 part 27 % hydrogen chloride and 1 p a rt 30 % hydrogen peroxide 
(volume ratios) at 70 °C. Again, following the SC-2 cleaning, the dies were rinsed with 
de-ionized w ater and dried with n itrogen  gun. These two SC steps readied the  dies 
for plasma activated bonding. P lasm a treatm ent was achieved using Technics®Micro 
800 table-top reactive ion etcher (RIE). The plasm a power used was 40 W  while the 
cham ber pressure used was 200 m Torr. The plasm a exposure was m ain tained  for 
30 s. After plasm a treatm ent, the  PD M S and Silicon sides exposed to  p lasm a were 
immediately brought in contact and gentle pressed together. The Si/PD M S structure 
was placed on a  hotplate at 75 °C for 5 minutes to increase the bond strength. Figure
5.2 shows the bonded Si/PDM S structu re .
Figure 5.2: S ilicon/PD M S Structure
Following the successful assembly of exchanger, fluid inlet and exit tubes were 
a ttached  to  the holes created in the PD M S cap. The inlet tube  was a  0.0625" OD 
and 0.01” ID tube while the exit tube was a 0.0625” OD and 0.04” ID Tefzel®tubing 
sourced from IDEX H ealth &c Science. Epoxy was applied around the tube ports to  
completely seal the holes. This was to prevent fluid leakage from the holes. The entire 
system  was placed atop  an acrylic carrier and held in place. The carrier allowed for 
easy handling of the  devices as well as m ount points for the various therm ocouples 
(TC) used throughout testing. The next section describes the te st setup.
5.2.2 Test Setup
Tests were conducted to  characterize th e  ability of these devices to ex trac t 
energy from the heat source into the wrorking fluid. In this work, the energy transferred 
into the working fluid resulted in phase change of the fluid. Hence, characterization 
of these devices is based on their ability to  wick working fluid from the reservoir out 
across the heated exchanger surface where it is evaporated. This section describes the 
testing procedure.
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As a first step, a resist an te  heater was in tegrated  with th e  assem bled M HE 
device. The heater was placed directly  below the exchanger surface. T his heater 
served to simulate therm al energy source. O peration of the device relied on the ability 
to transform  therm al energy from the heater in to  the internal energy of the  working 
fluid. In real world application, the heat source could be solar rad iation, waste heat, 
or any other thermal energy source. In this work, a resistance heater, KHLV-101/10-P, 
from Omega Engineering was used. A DC pow er source, BK Precision 1621A, was 
used to supply power to  the heater.
Next, a  therm ocoulpe (TC) wras m ounted 01 1  the  resistance heater to directly 
m onitor the tem perature of the heated exchanger portion of the device. T he power 
supply to  the heater was ad justed  accordingly based on the tem p era tu re  of the  
exchanger. This ensured the device was m aintained at tem perature values th a t closely 
approxim ate real world heat sources. T hree add itional T C s were also in tegrated  to 
th e  device. The first was located below the w orking fluid inlet reservoir. This TC  
on th e  fluid inlet reservoir area served to  m onito r the  fluid reservoir tem peratu re , 
which was m aintained below the  boiling poin t of the  working fluid, b u t above the  
original room tem perature of the fluid supply. The reservoir was heated above ambient 
condition due to conduction heat transfer from the heat source. Hence, the tem perature 
represented by the TC  a t th is  reservoir is the  w orking fluid tem pera tu re  ju s t before 
entering the microchannel. A ctual boiling, an d  hence vaporization only occurred 
w ithin the microchannels where the tem p era tu re  was m aintained above the  fluid 
boiling temperature. The next TC was suspended inside the fluid exit tube extending 
to a location just directly above the PDMS cap. Epoxy was used to  seal the TC hole to
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prevent fluid and heat leakages. This TC  monitored the  tem perature of the vaporized 
fluid as it exited from the exit reservoir region. This tem peratu re m easurem ent was 
used to validate th a t only vapor actually  exited  the  device. The fluid phase change 
implies energy transfer from the heat source. The final TC  was placed above th e  
PDMS cover to  directly m onitor th e  tem pera tu re  of th e  device cap. As expected, 
therm al conduction and convection to  th e  environm ent as well as th e  low therm al 
conductivity of PDM S resulted in a  lower tem peratu re  a t the top  of th e  PDM S cap 
than surfaces closer to the therm al sources. All TCs used were k-type devices supplied 
by Omega Engineering. The raw d a ta  from the  experim ental runs were recorded into 
the computer for analysis using N ational Instrum ents LabV IE W ® . The test rig is as 
shown in Figure 5.3.
Figure 5.3: Boiler P la te  Setup
A KDS-100 syringe pump (KD Scientific, USA) was used to  add working fluid to  
the exchanger inlet reservoir. The pum p was set to m aintain fluid w ithin the reservoir
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throughout testing. The fluid inlet flow rate was noted. At the exit line, a receiver in 
the form of a syringe was a ttached  to  the exit tube. Hence, the vaporized working 
fluid was allowed to exit the exchanger and re-condense in the receiver syringe. The 
receiver syringe containing re-condensed working fluid was weighed before and after 
each testing procedure. The difference in weight for each experimental run established 
the actual am ount of working fluid vaporized. To ensure that only vaporized (or 
energized) fluid exited from the MHE. the assembled device was tilted a t a angle of 18 
°to the horizontal. This way the  fluid in the inlet reservoir does not freely flow through 
the microchannel and out through the  exit tube. R ather, only the w orking fluid 
pulled from the reservoir into the microchannels by capillary action th a t has received 
sufficient energy to vaporize climbs through the channels and exits the exchanger. The 
schematics of the setup is shown in Figure 5.4. In solar therm al applications, tilting  
the device has the added benefit of increasing the  am ount of solar energy captured . 
Generally, flat-plato solar collectors are tilted so as to capture the maximum radiation 
from the incident solar radiation [96].
Thermocouple 
Mount Points
Figure 5.4: Schematics of Boiler P la te  Setup
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The 3Mta / NOVEC 7200 refrigerant was used as the  working fluid in this work. 
This refrigerant was selected for several reasons including its boiling point of 76 °C, 
which is within the low tem perature heat source range examined in this work. O ther 
fluids may also be used depending on th e  application and  operating tem peratu res. 
The device itself is not tem perature or fluid specific, bu t could be tailored to  a wide 
range of fluids and operating tem peratures based on the heat source.
For effective comparison of the various MHE devices, the power supply to the 
resistance heater was kept at a  constan t value for all MHEs tested . A ceram ic 10 
ohm resistor was connected in parallel w ith the resistance heater and used to  verify 
the input energy. Initial tests were conducted with different power inpu t values to  
establish the steady state tem perature of the exchanger w ith no working fluid present. 
This validation test with no working fluid represented a “dry" test. Based on the  
dry validation test, power supply of 2.58 W  was selected for the actual “w et:’ M HE 
operation. This power input value yielded steady s ta te  d ry  operating tem p era tu re  
of about 102 °C. First, this tem perature value was selected as it is above the boiling 
point of the working fluid and therefore ensured the  operation of the  device when 
working fluid was added. Second, th is  tem pera tu re  value closely approxim ates flat 
plate solar collector tem perature values as well as o ther available low grade w aste 
thermal sources.
W orking fluid was added to  th e  inlet reservoir after the exchanger h ad  fully 
heated to dry steady sta te  conditions. W ith  working fluid present in the device, the 
tem perature of the exchanger was reduced. The new operating tem p era tu re  was 
sufficient to  cause working fluid vaporization, however. W orking fluid was added as
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needed through the syringe pump to avoid a return to the "dry" steady state conditions. 
Each test was conducted for several m inutes. In real world waste heat scavenging 
applications, this heat transfer through the working fluid has the additional benefit of 
system cooling which in turn enhances the overall system efficiency. Further, the heat 
harvested from the therm al source may be utilized for o ther power applications.
The am ount of fluid vaporized during operation characterized the overall 
exchanger performance. For each exchanger, multiple tests were conducted to ensure 
results were b o th  repeatable and reliable. T he average working fluid mass transfer 
rate  was determ ined from the multiple experimental runs based on mass versus tim e 
readings. The re-condensed fluid was weighed after each testing to provide mass values 
while a stopwatch was used to  m onitor experim ental time. Hence, the mass transfer 
ra te  m  =  As an additional m etric of perform ance, the  energy transfer from
the heat source for each test was calculated based on the mass transfer rate  and  the  
known exchanger area.
The exchanger area was calculated based on channel length and width dim en­
sions. By design, the channel w idth was equal to  the separating  wall w idth. Hence, 
the total channel area for each exchanger was half of the to ta l heated exchanger area 
since the calculation did not consider the walls of the channels as part of the exchanger 
surface. The to tal exchanger channel area was 165.8 mm 2. This was half of the to tal 
heated exchanger area due to  the presence of the channel walls where no working fluid 
could be present.
The working fluid, HFE 7200, had a heat of vaporization, h f g. of 125 Using 
the recorded m ass transfer rates, the power required to  drive this phase change was
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determined via the heat of vaporization. This was compared to the exchanger area to 
determ ine a measure of power consum ption per area in ^ 3 -.
5 .2 .3  E x p e r im e n ta l  E r r o r
The uncertainty associated w ith th e  m easured and  calculated values was 
determ ined for this work. Table 5.1 shows the  compiled uncertainties. Tem perature 
and fluid mass were m easured param eters and their uncertain ties depended 0 1 1  the  
sensors used. Power inpu t, power density and flow ra te  were calculated  param eters 
and their uncertainties depended on the m easured param eters.
Table 5.1: Experim ental Error
M e a s u re m e n t E r r o r %  o f  T y p ic a l V a lu e
Tem perature H- bi 0 0 O ±  .575
Power Inpu t ±  15.59 m W ±  .604
Mass of Working Fluid ±  . 0 0 0 1  g ±  .007
Time ±  . 0 0 1  sec ±  . 0 0 0 2
Flow Rate of Working Fluid ±  . 0 0 0 2 a ±  .007
Power Density ±  .127 4
771
±  .006
5.3  R e s u lts  a n d  D isc u ss io n
In this section, results of the MHE testing are presented. Tests were conducted 
to  characterize the ra te  of mass transfer and power consum ption of th e  M HE when 
working fluid and therm al energy were added to  the devices.
Power supply to the exchanger was maintained a t 2.58 W during testing. This 
power input resulted in operating tem peratures near the working fluid boiling point as 
described in Section 5.2.2. Tests produced a  tem peratu re plot sim ilar to  th a t shown 
in Figure 5.5. There is a cooling effect due to  addition of working fluid. This improves
82
overall system efficiency. Further, the extracted heat is used to drive phase change in 
the working fluid thereby leading to energy harvesting.
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Figure 5.5: Typical Boiler T em perature Conditions
Irrespective of the mass transfer rate, the  tem perature of the  vaporized fluid is 
noted. The TC suspended in the  fluid exit tu b e  recorded the vapor tem pera tu re  as 
working fluid exited the exchanger. The boiling point of H FE 7200 is known to  be 76 
°C. The tem perature of the evaporated fluid as noted in Figure 5.5 confirmed th a t 
the vapor was saturated. The inlet reservoir and PDMS cap tem peratures were noted 
to be below the fluid boiling point during operation. Hence, fluid phase change took 
place prim arily within the channel region, as intended.
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Mass transfer rate and energy consumption were measured for each exchanger 
construction. These numerical results for each exchanger design are sum m arized in 
Table 5.2.
Table 5.2: Boiler O peration Results Given 2.58 W Input
Channel Depth Mass Transfer Rate Energy Consumed
(pm  ) (mg/s) (kW/m2)
110 3.47 2.63
130 3.57 2.70
200 3.95 2.99
First, the difference in channel height is worth noting. W ith increased channel 
height, there is more surface area and therefore increased capillary action. This trend 
can be seen w ith the increase in channel depth  from 110 gin to 200 gm . Increased 
capillary action resulted in increased mass transfer and power consum ption. This 
result agrees with work evidenced in literature th a t increasing open channel height 
increases capillary response [85, 75]. In this work, the mass transfer rate was increased 
by 13.8% as the channel depth increased from 1 1 0  /mi to  200 fim. The inass flow rate  
versus exchanger channel depth as recorded is shown in Figure 5.6.
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Figure 5.6: Mass Flow Rate Versus Channel Depth
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Further the energy harnessed per unit tim e from th e  heat source via working 
fluid phase change was calculated based on the fluid m ass transfer ra te  and heat of 
vaporization. Heat of vaporization of HFE 7200 is known to be 125 Given an 
input power of 2.58 W to the boiler plate, the energy consumed by the 110 pm  channel 
was 0.43 W while the 200 pin channels consumed 0.49 W, an increase of about 2.3 % 
given the increase in channel depth. These values represented power densities of 2.63 
and 2.99 for the 110 pm  and 200 pm  channels respectively.
Overall, the  micro boiler presented in th is work may be utilized w ith o ther 
working fluids and operating tem peratures. A pplications include heat sources like 
microelectronics, solar radiation and many others. These current boiler plates operate 
well within the  known solar heating values (700 ^  [97]) and so are a n a tu ra l fit for 
micro solar therm al applications. Also, by choosing an appropriate working fluid, 
the exchanger operations can be applied to  a wide variety of different situa tions 
and tem peratu re ranges. T he device may also be easily scaled up for m acro scale 
applications including automobile engines and industrial waste heat sources.
5.4 Conclusions
The investigation of a  small-scale, M EM S-based heat exchanger has been 
reported. Exchanger operation was based on capillary channels ability  to wick 
HFE 7200 working fluid across a heated  surface to drive mass transfer and therm al 
energy consum ption from a  heat source. Fabrication of th e  channels was based on 
microfabrication techniques th a t produced channel w idths of 300 pm  w ith heights of 
110 pm  , 130 pm  and 200 pm . Tests were conducted to  compare the  operation  of
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these devices’ abilities to extract therm al energy from a heat source via phase change 
of the working fluid.
Given an input of 2.58 W  to  the boiler, te sts  showed an overall power
consum ption of 0.43 W. 0.45 W and  0.49 W  for the  110 pm , 130 pm  and  200
pm  channels respectively. These values represent the power harvested by the working 
fluid from the heat source in addition to  the  cooling effect provided. These resu lts 
represent power densities of 2.63 2.70 ^  and 2.99 ^  respectively. T he to ta l
mass transfer of working fluid was shown to be 3.47 122, 3.57 2 2 5  and 3.95 2 5 2  for the0 S & S
110 pm , 130 pm  and 200 pm  channels respectively. I t is anticipated th a t fu rther 
increasing the  capillary height of th e  MHEs tested  will fu rther increase the energy 
consumption of the devices.
CH APTER 6
SIMPLE AND LOW COST METHOD FOR  
METAL-BASED MICRO-CAPILLARY CHANNELS FOR  
HEAT EXCHANGER USE*
6.1 Introduction
Micro-channel heat exchangers (M HEs) transfer h ea t th rough m ultiple flat 
fluid-filled tubes containing small channels. MHEs are im portant components in many 
devices tha t require compact therm al energy removal. It is crucial for the microchannel 
to effectively handle heat as well as have efficient m anufacturing process.
Effective therm al flux management is critical for the operation of micro-electro­
mechanical systems (MEMS). Tem perature affects both the performance and reliability 
of microelectronics [98]. Further, the therm al flux dissipated by these devices represents 
energy losses when compared to the useful ou tpu t from the system. Hence the ability 
to effectively harvest heat from a MEMS device would improve the overall efficiency 
of the device. Some cooling schemes include pool boiling, detachable heat sinks, 
channel flow boiling, microchannel and mini-channel heat sinks, jet-im pingement, and 
sprays [99]. The use of a thermoelectric cooler to  dissipate heat from a microchip has
also been dem onstrated [100]. These m ethods focus on the  ability to  effectively cool
TTins material has been submitted for publication as Ogbonnaya, E., Champagne, C., and Weiss, 
L., 2013. “Simple and low cost method for m etal-based micro-capillary channels for heat exchanger 
use.”
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MEMS devices. In this chapter, a  cooling technique utilizing low cost micro capillary 
channels which may enable sim ultaneous energy scavenging with the  dissipated heat 
is presented. This technique can also be in teg rated  to large scale devices to  harvest 
waste therm al energy th a t is cast off to  th e  surroundings as a part of a larger process.
Traditional m icro and nano fabrication has focused on th e  use of silicon as 
a substrate. Silicon-based MEMS currently  dom inate  the  world of m icro and  nano 
m anufacturing. This is largely due to  th e  well established fabrication procedures 
for Si-MEMS. However, the lim itations in silicon and silicon processing have led 
to  investigations of alternative m aterials capable of providing functionalities a t cost 
points not achievable with silicon. High therm al conductivity and improved mechanical 
integrity make metal-based MEMS preferred over silicon [101]. The challenge however 
is the ability to efficiently fabricate these m etal-based devices a t an economically 
viable cost.
One im portan t fabrication s tra tegy  for m etal-based microscale structu res is 
the LiGA technique [102], LIGA is a  G erm an  acronym  for “lithography, m olding 
and electroplating" [103]. Metal based structu res can be fabricated by th is technique 
using X -ray/U V  lithography on polym eric resists followed by electrodeposition in to  
developed resist structure. However, deep lithography is an expensive process.
Micro-machining is also employed in m anufacturing MHEs. M achining has the 
advantage of processing a wide range of materials. However, as the cu tting  tool wears, 
there is a negative effect on the quality of machined parts [104], Replication of metallic 
HARM S by com pression molding has also been dem onstrated [101]. Com pression 
m olding generally occurs a t high tem peratu res. T his creates near surface reaction
between the mold inserts and the molded m etal a t such high tem peratures. Also the 
yield streng th  of the mold insert has to  be high enough to w ithstand  th e  stresses 
required for molding metal parts.
In this work, a  low cost m ethod for th e  fabrication of a heat exchanger w ith 
m etal-based microchannels using the  LiGA technique is presented. L ithography is 
used to pattern dry film negative photoresist on the substrate. The resist is lam inated 
over the substrate and exposed with a UV source. The use of dry film resist allows for 
simple and inexpensive microchannel patterns w ithout requiring advanced cleanroom 
equipment. Following the lithography process, electrodepostion of m etals is used to  
fill the  recesses patterned  in the resist. A fter electroplating, the rem aining resist is 
dissolved leaving behind free standing  m etal s truc tu res. The fabricated  exchanger 
is then  evaluated based on therm al absorption of sim ulated waste heat sources and 
capillary action of the m etal channels themselves.
The MHE is designed to  pair with other devices like Thermoelectric generators, 
TEGs, for therm al m anagem ent application. In th is manner, energy dissipated from 
other devices and processes may be efficiently introduced and rejected from the TEG 
itself via the heat exchanger. This increases therm al cooling effect from such devices 
and processes, and enhances th e  perform ance of th e  T E G  and overall effectiveness 
of the  therm al scavenging. T here are num erous o ther applications th a t  include use 
in micro steam  systems as well as many o thers [76]. T he use of m icrofabrication 
techniques presents several advantages. F irst, batch fabrication allows th e  generation 
of many devices from singular processing steps [91]. Further, the  sm all scale of the
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approach allows installations of small, single units as well as larger applications where 
many devices work from a larger therm al energy source.
T he exchanger presented in th is work relies on multiple rows of capillary 
channels to promote mass and heat transfer using working fluid with low -tom perature 
boiling point. Figure 6.1 illustrates the  basic concept. Therm al energy dissipated  
as heat is applied to the lower surface which is pa tte rn ed  witli capillary channels. 
The rectangular capillary channels extend between two working fluid reservoirs and 
continually feed working fluid across the heated surface. This results in phase change 
of the working fluid and heat transfer away from th e  therm al source. T he use of 
phase change has been less common in the field of therm al scavenging. Nonetheless, 
the advantages of this approach have been manifested in applications like com puter 
chip cooling [82, 83]. Micro-devices and micro channel design have been of particular 
interest [83]. Tuckerman and Pease first noted th a t m iniaturizing cooling channel 
dimensions leads to increased heat transfer efficiency [84]. Open rectangular capillary 
channels have been previously modeled and validated experim entally by Kim e t  a l  
[85]. This foundational work served to provide many of the basic channel dimensions 
tha t were studied as part of th is current experim ental effort. In C PU  application 
there has also been research in capillary driven exchangers where working fluid phase 
change is again the prim ary m eans of heat transfer [85, 8 6 , 87, 8 8 , 89, 90]. W orking 
fluids have varied, but have typically depended on the tem perature ranges of the final 
applications.
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Figure 6.1: Micro Capillary Exchanger Design
As a  m easure of the device perform ance, th e  therm al energy consum ption 
is provided as a  direct insight in to  exchanger ability to  ex tract therm al energy via 
the various capillary channels and drive working fluid m ass transfer. T he energy 
consumption per unit time characterizes the power consumption of the working fluid. 
This metric of performance is normalized by the area of the exchanger p late to  yield 
values in Through the use of phase change for increased heat transfer and
microfabrication, the final device will be a condensed and scalable product suitable for 
widespread implementation. Further, an investigation of the working fluid w ettability 
is presented, centered on working fluid contact angles and capillary action.
Previous MHE work by our group a t Louisiana Tech University com pared the 
operation of exchangers fabricated w ith silicon capillary channels to those fabricated 
using SU- 8  m aterial for capillary channel walls [92, 75]. T he use of SU - 8  allowed an 
increased range of channel heights com pared to  the basic silicon structu res. H eat 
transfer was, however, impeded in the SU- 8  channel walls as SU- 8  is a  non-conductive 
polymer material. Hence, new techniques have been employed to examine the use of
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m etal as a prim ary channel wall m aterial. These steps required the  use of SU - 8  as 
a  patterning agent. This represents an expensive and tim e consuming process. In 
this present work, the process presented replaces the  SU - 8  bounding s tru c tu re  bv 
patterning a low cost and simple dry film on the substrate followed by eleetrodeposition 
process. Through this approach, a m ore cost effective m etal-based micro capillary 
structures may be achieved. Further, this unique technique expands the use of potential 
substrates beyond silicon as the substra te  is no longer required to be flat.
6.2 Experim ental M ethods
6.2.1 Fabrication
In this present work, we dem onstrate a  cost effective technique of fabricating 
metal-based micro capillary channels on various su b stra te  types. Two types of 
substrates were considered in this work. These included silicon and copper substrates. 
This technique may be applied on a wide range of other substrates. The development 
of metallic microchannels was aimed a t increasing therm al conductivity w ithin the  
channel walls. Initial work has focused on nickel channel walls. Details of the processing 
and preparation steps are discussed in this section.
Overall dimensions of the exchangers were 16 mrn in width by 38 mm in length. 
This included the reservoir sections th a t surrounded the channels as noted by Figure
6.1. Channel widths were maintained a t 300 //m for both silicon and copper substrates. 
For the copper substrate devices, first, copper sheet of 500 gin thickness were cu t into 
22 mm by 40 mm area. The copper su b stra tes  were in itially  polished m echanically 
and then degreased in a solution of 5 % acetic acid and pinch of salt. They were next
92
rinsed with DI water. This prepared the su b stra te  for lam ination of the photoresist 
m aterial. A layer of Ordyl P-50100 dry film (from ElgaEurope, Italy) was lam inated 
on the substrate. Hot roll machines are generally used to  lam inate the resist over 
.substrates. In this work, the film was carefully laid manually over the substrate. Heat 
and pressure were applied using a dom estic iron in this lam ination step  to make the  
dry film conform to  the substrate surface. A sheet of paper was used as a protective 
layer between the domestic iron and the photoresist to prevent the  film from sticking 
to the iron.
Ordyl P-50100 has a film thickness of 100 fim. Hence, the  final height of 
the capillary channels formed using the dry film resist were 1 0 0  /m i for each device. 
The photoresist films may be stacked on each other if ta ller channel dimension is 
desired. The challenge is th a t w ith m ultiple stacks the channel walls lose vertical 
alignment. Following the lamination of the P-50100 resist, exposure was done using a 
UV light source. In this work, the photoresist was exposed using a  fluorescent lamp. 
O ptim ization of the  exposure tim e showed th a t 15 m inutes was sufficient to  expose 
the  film under a 40-w att fluorescent lam p. T he development of the  exposed resist 
using 0.8 ±  0.2 % K2 CO 3  at 28 ±  2 °C as recommended by ElgaEurope produced the 
required mask for electroplating of nickel. Immersion developing technique was used 
w ith strong agitation for the development step. Next, the substra te  was rinsed with 
DI water and dried with nitrogen gun. Eleetrodeposition was then used to form nickel 
channels w ithin the  bounding walls. However, for the electroplating step, the back 
side of the copper substrate was covered with silicone single-sided adhesive tape. This 
ensured th a t only the  p a tte rned  area w ithin  th e  photoresist s tru c tu re  was filled by
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the electroplating process. T hree channel heights were fabricated. T he constructed 
devices had channel heights of 61). 70 and 90 /an  respectively. Following electroplating, 
the remaining P-50100 mask was lifted off the substra te  using 3% KOH a t 50 °C.
Fabrication on the  silicon sub stra te  began  w ith a  s tandard  400 /an  thick, 
double-side polished <100> silicon wafer. A 5 run thick layer of chrome was deposited 
directly on the top silicon surface followed by 75 nm of gold. This in itia l deposit of 
m etal served as an adhesion layer for th e  SU-8 . Both m etal layers were deposited 
using electron beam physical vapor deposition technique. Next, a  layer of Microchem 
2100 SU - 8  was spun onto the wafers and exposed using UV mask aligner. Following 
SU- 8  development (via Microchem recommended practices), the wafers were ready for 
dicing. Further processing steps were required to  produce the nickel capillary channels. 
Nickel was electrodeposited into the recesses defined by the  lithography process. The 
gold layer beneath the SU - 8  served as th e  electroplating  electrode. C hannel w idths 
were m aintained at 300 /mi . T he SU - 8  s tru c tu re  served as the m ask for the  nickel 
deposition on the substra te . Hence, nickel capillary channels were grown from the  
conductive bottom between the SU- 8  structures. Two channel heights were fabricated. 
The constructed devices had channel heights of 115 and 142 /mi respectively. Following 
electroplating, the SU- 8  mask was lifted off the substrate  using Microchem PG remover 
and only the nickel capillary channels rem ained.
Eleetrodeposition in each case was accomplished using a W att-type warm bath 
[49]. Nickel capillary channels were grown from th e  conductive b o tto m  between the 
P-50100 and SU- 8  structures. The electrochemical deposition conditions for the nickel
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plating are shown in Table 6.1. All chemicals used were reagent grade from Sigma- 
Aldrich®. Final channel height was based 011 to tal elapsed time during electroplating. 
Figure 6 . 2  shows a completed nickel MHE base 0 1 1  silicon and copper substrates.
Table 6.1: W atts-type Nickel P lating  Conditions
Electrolyte Composition (g/1) Working Condition
Nickel Sulfate-6-Ilydrate =  250 Temperature =  45 °C
Nickel Chloride-6-Hydrate =  45 Current. Density =  50 ^
Boric Acid =  30 pH =  4.0
i i  a ■ ’ ‘ I
(A) (B)
Figure 6.2: MHE Base with Nickel Capillary Channel Walls 0 11 (A) Silicon, (B) Copper
To utilize the metal-based capillary channels for therm al scavenging applications, 
a top piece was added to each exchanger device. The bonded top-piece served to prevent 
fluid leakage as well as provide volume for evaporated fluid. A cast high tem perature 
resistant, rigid urethane has been used as the top-piece. Bonding techniques like 
eutectic bonding [105] may also be utilized to  achieve metal-based top  structures.
An initial top piece was fabricated from acrylic and  used as a  mold for each 
subsequent top fabricated as p a rt of this work. T he subsequent tops were produced 
using a tw o-part latex m ixture which was poured  around the original mold piece. 
Removal of the original piece from the dried mold compound allowed the generation of 
multiple top pieces of consistent dimension th a t were utilized in the fabrication of the
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devices presented in this work. Because the original piece was fabricated to lit. directly 
atop the exchanger surfaces each subsequent top piece produced from the mold shared 
those a ttribu tes. This acrylic top  was sized to  fit d irectly  over the exchangers and 
included working fluid reservoirs. These reservoirs added volume for the working fluid 
utilized in these experiments. In addition, a dom e was created above the  capillary 
channels where vaporized working fluid was collected. This allowed m onitoring of 
tem perature 0 1 1  the acrylic surface as a result of evaporation and phase change. The 
schematics of the assembled exchanger and steam  dom e is shown in Figure 6.1. The 
overall size of the castings was 5 m m  high by 43 m m  in length by 22 mm  in w idth. 
Each top was perm anently epoxied over the exchanger base to  achieve sealing and 
prevent working fluid from leaking between the top and exchanger components. Figure
6.3 shows an assembled exchanger and acrylic top. T he integration of the exchanger 
plate and steam  dome readied th e  device for testing.
Figure 6.3: Exchanger P la te  Coupled W ith  Steam Dome 
6.2.2 T e s t S e tu p
The principle operation of these devices is based 0 1 1  their ability to wick working 
fluid from the reservoirs out across the heated exchanger surface where it is evaporated. 
The working fluid pumping effect therefore depends on the capillary channels. T he
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testing and characterization efforts in this work exam ined the ability to  wick fluid 
across the heated exchanger surface. As part of this effort, the working fluid and 
surface interaction was also specifically investigated to  determ ine the w ettab ility  
of the nickel channels. This section describes the testing  and test setups for these 
experiments.
A similar setup  was used for all therm al tests. F irs t, the assembled M HE ms 
described in Section 6.2.1 (Figure 6.3) was integrated w ith a resistance hea ter and 
thermocouple. Tire resistance heater served to sim ulate the  real-world energy source 
and the thermocouple, TC, was used to  monitor tem perature of the exchanger during 
operation. The resistance heater was an Omega Engineering KHLV-101/10-P, and was 
coupled to the lower side of the exchanger. A DC power source, BK Precision 1621A 
Digital DC supply, was used to  power the heater. T hree TC s were attached  to  the  
assembly. The first TC  was integrated with the resistance heater to directly m onitor 
the tem perature of the heated exchanger portion of the device. The second T C  was 
placed below one of the working fluid reservoirs while the th ird  TC was located on the 
top surface of the MHE. The TC on the  fluid reservoir area served to monitor the fluid 
reservoir tem perature, which was m aintained below the  boiling point of th e  working 
fluid as intended. The tem perature measured by the T C  at the reservoir represented 
the working fluid tem perature just before entering the  microchannel. Since th e  two 
reservoirs are sym m etrical, the tem peratu res a t the  two reservoirs are equivalent. 
Finally, as the fluid evaporated, the vapor caused a rise in tem perature of the steam  
dome surface. After all fluid has been evaporated, the steam  dome tem perature started  
to drop due to the loss of energy transfer. The TC  on th e  steam  done was therefore
97
used as an additional cheek in m onitoring availability of fluid w ith in  the channels. 
All TCs were k-type devices supplied by Om ega Engineering. N ational Instrum ents 
Labview®was used to log all the tem perature d a ta  into a com puter for analysis.
The assembled system was placed a top  an  acrylic carrier and  held in place. 
T he carrier allowed for easy handling of the  devices as well as m ount points for the  
various TC used throughout testing. Figure 6.4 shows the fully assembled exchanger, 
steam  dome, and carrier ready for testing.
T h erm o co u p le  on  T h e rm o c o u p le  o n
S te a m  d o m e  E x c h a n g e r  R e s e rv o ir
T h e rm o c o u p le
I
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with S t e a m  D o m e
Figure 6.4: Assembled Heat Exchanger Setup on Carrier (A), and Schematics (B)
Fluid was added to the exchanger reservoirs through the access holes atop the 
reservoirs using a syringe. The weight of th e  syringe containing working fluid was 
measured prior and after each testing procedure. The am ount of fluid consumed for 
each test was the  difference in the  m easured weights. The working fluid was 3MrA/ 
NOVEC 7200 refrigerant. This refrigerant was selected for several reasons including its 
boiling point of 76 °C. This tem perature was suitable for many waste heat dissipation 
and scavenging applications, allowing for effective heat removal.
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The power supply P, to  the  resistance heater was kept a t a  constant value 
for all MHEs tested. P  =  VI, where V is the voltage and I is th e  cu rren t across th e  
resistance heater. The value of P  was m aintained at 2.57 W irrespective of exchanger 
design using a  DC power source. T he resistance heater m easured 25.4 rnm x 25.4 
mm. Hence, the power flux density from the heater to  the exchanger surface was 
3.98 Initial validation tests showed th a t power supply of 2.57 W was sufficient to 
obtain steady state tem perature of about 96 °C on the MHEs when operated in a dry 
condition. In these initial “d ry” tests, the tem peratu re  of the M HE wras higher than  
the  working fluid boiling tem peratu re . This ensured operation of the  device, when 
working fluid was added, a t th e  boiling point itself. A ceramic 10 ohm  resistor was 
connected in parallel w ith the resistance heater and used to  verify the  input energy.
After the exchanger reached “dry” steady  tem peratures, w orking fluid was 
added to  the reservoirs which reduced exchanger tem peratures. T he new operating 
tem perature with working fluid present represented the “wet” steady s ta te  operating 
point for these devices. A fter the initial cool down, the syringe was weighed and 
working fluid was added as needed to  the device reservoir to m aintain the operation 
of these exchangers at steady state  conditions for several minutes. Tem peratures were 
m onitored using the various T C s th roughou t testing. T em perature rise indicated 
lack of working fluid w ithin th e  device. F luid was added to  the  heat exchanger if 
tem peratures began to  rise to  m ain tain  th e  s teady-sta te  operating  condition. The 
addition of working fluid avoided a re tu rn  to  a dry  operating condition. In M EMS 
applications, this will ensure effective heat removal from the  heated  system . Tests
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produced a  tem peratu re plot sim ilar to th a t shown in Figure 6.5 where the  steady 
state  testing section is noted.
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Figure 6.5: S tandard  Exchanger Tem perature Profile
The exchanger perform ance was characterized by the to ta l fluid consum ed 
during testing. Hence, the mass flow rate  m  =  T he initial cool-down from dry
steady sta te  conditions was not counted as p a rt of th e  working fluid consum ption. 
The therm al energy consum ption provided a  direct insight into exchanger ability to  
extract therm al energy via the various capillary channels and drive working fluid mass 
transfer. The energy consumption per unit tim e characterized the power consumption 
of the  working fluid. This m etric of perform ance was normalized by the  area of the  
exchanger plate to yield values in
Steady State Region
•Ambient 
•Top of Dome
• Reservoir
• Heater
_____ I_______I_______I_______ I_______I_______ I_______I_____
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In this work, the evaporated working fluid was allowed to exit the acrylic top  
via a centrally located exit hole. In this respect, the exchangers represented an “open" 
system w ith working fluid free to  exit. This allowed a direct study  of th e  capillary 
channel designs with respect to  mass transfer and powrer consumption. Fu tu re  work 
will examine a true “closed5' system where working fluid is condensed after evaporation 
and returned to the reservoirs.
In these tests, the reservoirs were heated  above am bient condition due to  
conduction heat transfer from the heat source, which allowed some evaporation from 
the reservoir surfaces themselves. Com parison between exchanger types, however, 
represented the design and operation of the capillary channels directly as the device 
was constructed using same dimensions and operated a t the same tem peratures. This 
ensured similar reservoir evaporation behavior independent of channel design. Because 
of th is behavior from the reservoirs, the therm al consum ption m etric represents 
the com bination of bo th  capillary-based mass transfer as well as th a t  due to  any 
incidental reservoir evaporation. As expected, therm al conduction and convection to  
the environm ent from the top  surface resulted in a  lower tem peratu re a t the top  of 
the device than  surfaces closer to  the  therm al sources. In the final, applied design 
where the heat exchanger is no longer an open therm odynam ic system , evaporation 
from the reservoir area is less concerning. Therm al energy evaporated from any part 
of the lower surface serves to aid heat transfer.
M ultiple tests were conducted for each exchanger. The average working fluid 
mass transfer rate was determined from the multiple experimental runs. Mass transfer 
ra te  was recorded via experim ental mass versus tim e readings. Furtherm ore , th e
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mass transfer rate and the known exchanger area were employed to  calculate energy 
consumed in each experiment. The energy consumed by each device is a further metric 
of performance.
T he to tal channel area for each exchanger was calculated based on channel 
length and w idth dimensions. This m ethod of calculation did not consider th e  walls 
of the channels as part of the  exchanger surface. This produced a  to ta l exchanger 
channel area of 165.8 mm2. This was half of the to ta l heated exchanger area due to  
the presence of the channel walls.
The power needed to drive phase change in th e  working fluid was calculated 
based 0 11 the  fluid’s latent heat of vaporization and m easured mass flow rate . T he 
working fluid, H FE 7200, had a h ea t of vaporization, h /g, of 125 T he power 
consumption was normalized by the area of the exchanger plate to obtain a measure of 
power consumption per area in This metric is especially useful when considering 
therm al ou tpu ts  of specific devices like T E G s or generic, sources. T he form ulations 
used for analysis in this work are sum m arized in Equations 6.1, 6.2 and 6.3.
M aS S  f lO W  r a t e  771 ( ^ )  =  t o t a l  ma s s  consumed, leg j v
t im e , s x 1
Power to phase change (kW) = (6-2)
Working flu id  hoat flu x  C ^ )  = T "  £ £ £ / £ £ •  (6.3)
Working fluid surface interaction characterization was based on photography of 
individual working fluid droplets atop electroplated nickel surfaces. These photographs 
were then investigated. D roplets were characterized based on angle of in teraction  
with the surface and compared to known results found in literature. As a further test,
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individual exchanger dies were mounted vertically and partially immersed into a bath  
of working fluid. This allowed the working fluid to climb the vertical capillary channels 
and provided another measure of capillary effectiveness. In both cases photographs 
were taken with a Kodak®Super~Macro camera. Individual capillary rise heights were 
determ ined based on pixel count and conversion. The specific rise heights in pixels 
was converted to millimeters based 0 1 1  the photographed components of the MHE with 
known dimensions. Channel walls, for example, were known to have widths of 300 pm. 
Figure 6 . 6  shows a nickel MHE im m ersed in working fluid bath  as described. T his 
illustrates the capillary nature of the nickel channels, a proof tha t capillary pull effect 
exists within this unique construction. These direct capillary tests were conducted in 
open atmosphere a t room tem perature.
Capillary Rise 
Height
Figure 6 .6 : Capillary Rise Height Test for Nickel MHE
6.2.3 Experimental Error
The experimental uncertainty associated with this work is summarized in Table
6.2. The uncertainties of directly m easured param eters depended on the  errors of
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instrum ents used while the uncertainties of calculated values were determ ined using 
Kline and M cClintock [106] m ethod of uncertain ty  analysis. In th is m ethod, let x„ 
be the independent or measured variables and  let wn represent th e  uncertainties of 
the independent variables. Then the errors associated with the calculated param eters 
were determ ined using Equation 6.4, where w / is the associated error of function, f. 
Inpu t voltage, current, tem perature and  m ass were m easured param eters and the ir 
uncertainties depended on the sensors used. Power input, power density, height and 
flow rate  were calculated parameters and their uncertainties depended on the measured 
param eters.
Table 6.2: M easurement and Calculation Uncertainties
M easurement Error % o f Typical Value
Tem perature ±  .50 °C ±  .575
Power Input ±  15.59 mW ±  .602
Mass of Working Fluid ±  . 0 0 0 1  g ±  .007
Time i  . 0 0 1  sec ±  . 0 0 0 2
Flow Rate of Working Fluid ±  . 0 0 0 2  2 *
I f ±  .007
Power Density ±  .127 4
777.
±  .006
6.3 Results and Discussion
This section presents results of th e  M HE fabrication and testing. F irst, the  
most significant result is the ability to have fabricated the MHE devices on a copper 
substrate with a low cost process conducted outside the cleanrooin environment. Since 
this technique does not require a cleanrooin environm ent, capital cost or investment
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on cleanrooin equipment, can be avoided. T he  O rdyl film may be lam inated  w ith 
hot roll lam inator machines and exposed using any UV source like fluorescent lamps. 
Further, the low cost of the dry film resist itself ( € l5 /m 2  or ~ $ 2 0 /m 2) [107] makes it 
an economical alternative to traditional negative resists such as SU-8 . The processing 
time was significantly reduced by the use of this technique. Whereas work using SU- 8  
2 1 0 0  had a  processing tim e of several hours, largely due to  the soft bake and  post 
exposure bake times as recommended by MicroChein [108], the Ordyl P-50100 dry film 
resist could be processed in under 20 m inutes. More so, th e  adhesive dry  film resist 
readily adheres to multiple substrate types. As an additional benefit, this technique did 
not require a fiat substrate surface for successful microfabrication process. Further, it 
allowed for fabrication on substrates of varying geometry. Traditional microfabrication 
technique has been lim ited to  substra tes w ith  very flat surfaces, specific dimension 
and geometry.
The technique presented in this work has been successfully utilized to fabricate 
microchannels on both  silicon and copper substra tes. P rior model resu lts predicted 
higher therm al performance for M HE on a  copper substra te  as a  resu lt of th e  high 
therm al conductivity of copper [75], The challenge, however, has been the difficulty 
in using traditional m icrofabrication processes on copper (and indeed o ther m etal) 
substrates. Initial fabrication on copper substrate  has been successfully dem onstrated 
in this work. Similar to traditional m icrofabrication, this technique is highly scalable 
and also allows for batch manufacturing.
Thermal characterization results presented in this chapter focused on silicon and 
copper substrate heat exchangers. Tests were conducted to characterize the operation
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of these nickel-based MHE. These tests characterized th e  rate  of m ass transfer and 
power consum ption of the MHE when working fluid and therm al energy were added 
to the devices. Tests produced a  tem peratu re  plot sim ilar to th a t shown in Figure 
6.5 where the  steady s ta te  testing  section is noted. T he  device was opera ted  below 
the m elting or deforming tem pera tu re  of the steam  dom e acrylic m ateria l. Hence, 
the dome piece was observed to  be therm ally stab le  throughout the  d u ra tion  of the 
experiment. O ther m aterials/bonding techniques may be used in the  fu ture based on 
final applications and operating conditions.
Energy input to the exchanger was m aintained a t 2.57 W  (or 3.98 Elk based 
on area of the  heater) for the  therm al-based testing. T his resulted  in operating  
tem peratu res near the working fluid boiling poin t. M ass transfer ra te  and  energy 
consumption were measured for each type and construction of exchanger. The MHE 
devices included two Si-based designs w ith 300 pm  w idth capillaries and  dep ths of 
115 and 142 pm . Also, three copper-based designs were studied w ith 300 pm  w idth 
capillaries and 60, 70 and 90 prn depths. F igure 6.7 graphically shows th e  working 
fluid evaporation rates for each design. Specific numerical results for each exchanger 
design are shown in Table 6.3. Mass transfer via th e  142 pm  nickel M HE on silicon 
substrate was 3.04 On the other hand, mass transfer v ia the 90 pm  nickel MHE 
on copper substra te  was 3.20 T his value was 5.26 % higher th a n  th e  result for 
the silicon substrate, even with the silicon-based taller capillary channels. This shows 
that, even with a  lower capillary height, the nickel based MHE on copper was able to 
outperform those on silicon substrate. This result agrees w ith previous model results
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that predicted better performance based on the higher therm al conductivity of copper 
[75].
IIC u-based  M HE 
11 Si-based M HE
60 70 90 115 142
Channel Height (pm )
Figure 6.7: Evaporation R ates for Ni Heat Exchangers on Si and Cu Substrates 
Table 6.3: Heat Exchanger Performance for 2.57 W Input
Substrate Height //m m gsec
k W
in2...
Silicon 115 2.84 2.15
Silicon 142 3.02 2.31
Copper 60 2.19 1 . 6 6
Copper 70 2.81 2.13
Copper 90 3.20 2.42
Similarly, the power needed to  drive phase change in the working fluid was 
recorded. This represented energy transfer from the resistance heater to  th e  working 
fluid per un it time. In real world applications, th is is equivalent to  th e  am ount of 
“waste” energy recaptured by the  working fluid. This harvested energy may be utilized 
for other power applications. These results showed a general increasing trend  as the 
channel height increased for th e  various device m aterials. As expected, the  Cu-based
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device showed the highest power absorption density of 2.42 ^  for the 90 //in height 
channel versus 2.31 for the 112 //in height Si-based device. A gain,these results 
agree with modeling and prior experim ental results [75. 109].
Increased channel height represents more surface area for capillary force, 
hence increased capillary action. This resulted in increased mass transfer and power 
consumption. The effect of increasing open channel height on increasing capillary 
response has been established in both modeling exercises by Kim et al [85], as well as 
prior work evidenced in literature and by our group directly [75, 34],
I t is w orth noting the overall power consum ption of the M HE versus known 
heat rejection values from various sources. In the field of therm al scavenging, for 
example, solar therm al energy has a power density of approxim ately 700 p? [97]. This 
is well within the capability of the characterized MHE. O ther sources, like com puter 
chips, have exhibited high therm al rejection rates on the order of 100 [HO]. The
MHE may be well tailored to these sources through alternative working fluid selections 
th a t alter the boiling point and make it specifically well su ited  to  high tem pera tu re  
operation.
Another significant finding uncovered was the direct m aterial and working fluid 
interaction. The interaction of the HFE 7200 working fluid on electroplated nickel was 
studied both via droplet contact angle tests as well as direct capillary force observation. 
Previous research has indicated HFE 7200 has a contact angle of about 6 degrees with 
SU-8 surfaces [75]. This com pared favorably to  work in lite ra tu re  where w ater was 
studied in interaction with modified silicon and SU-8 surfaces, yielding contact angles 
on the order of 5 degrees [111, 112]. By contrast, in the present investigations, the
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contact angle of the HFE 7200 working fluid with electroplated nickel surface showed 
no droplet formation on the surface itself. Instead, the electroplated nickel proved to  
be a  porous m aterial which readily absorbed the working fluid as it was applied. In 
this manner, the nickel represented a w ettable surface, however, not in the traditional 
sense. Figure 6.8 shows the results of droplet deposition atop the  surface.
Figure 6.8: HFE 7200 D roplet on Electroplated Nickel
There is a possibility th a t higher tem pera tu re  testing  can fu rther enhance 
the operation of the  devices with porous nickel. In these devices, it has been shown 
th a t HFE 7200 is directly absorbed w ithin the m aterial itself. This porous structu re  
represents increased overall surface area and direct contact area for the working fluid. 
As tem perature increases, working fluid w ithin the  nickel s truc tu re  itself will begin 
to  phase change and boil at increasing rate. This should have the beneficial effect of 
increasing the overall mass transfer and heat exchanger area from simply w ithin the 
capillary channels to  across the entire s truc tu re  itself
Direct capillary action was investigated for the 115 fim  and 90 /ini nickel MHE. 
The capillary channels were allowed to  draw  working fluid vertically from a b a th  as 
previously described and noted in Figure 6.6. The 115 gm  capillaries were able to draw 
working fluid 4.51 mm above the fluid ba th  line, and the 90 //m capillaries were shown 
to draw fluid vertically 3.76 mm. This confirms the im portance of capillary action in
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wicking the working fluid, and also highlights th e  increased therm al conductivity as 
the reason for increased mass transfer and power consumption when therm al energy 
was applied.
6.4 Conclusions
The fabrication of low cost, m etal-based micro-capillary channels for therm al 
scavenging and heat transfer application has been reported. E lectrodeposition 
technique was utilized to form channel walls using photoresist film as the  mold. The 
photoresist film (Ordyl P-50100) was lam inated over the substrate and exposed with 
a UV lamp. Development of the exposed resist in a mildly alkaline solution produced 
the mold ready for electrodepostion. This technique did not require a flat substrate  
surface for successful microfabrication process. Traditional microfabrication technique 
has been limited to substrates with very flat surfaces, specific dimension and geometry. 
T he technique presented in th is work has been successfully utilized to fabricate 
microchannels on both  silicon and copper substrates. The nickel microchannels 
electroplated on the substrate were applied as heat exchangers in this work for therm al 
scavenging applications.
Exchanger operation was based on capillary channels ability  to  wick H FE 
7200 working fluid across a heated surface to  drive mass transfer and therm al energy 
consumption from a  heat source. O peration of the heat exchangers showed an overall 
power consum ption of 1.66 2.13 ^  and  2.42 ^  for the 60 pm , 70 pm  and 90
pm  high nickel MHEs respectively on copper substrate. Also for the MHEs on silicon 
substrate, the overall heat energy consumption were 2.15 ^  and 2.31 ^  for the 115
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//in and 112 //ni high nickel M HEs respectively. These values represent th e  power 
harvested by the exchangers in addition to  the cooling effect provided. Overall working 
fluid mass transfer rate was shown to be 2.19 niR. 2.81 252, 3.20 122, 2.84 212 and 3.04.s s s ’ 5
~  for the 60 /im, 70 /im, 90 pm , 115 pm  and 142 pm  MHEs respectively.
Direct investigation of HFE 7200 working fluid w ith the capillary channels wall 
m aterial was also reported. T he electroplated nickel represented a porous structu re , 
capable of absorbing working fluid. There may be advantages to the porous nature of 
the nickel m aterial itself as it represents an increased overall surface a rea  for mass 
transfer, and thus, heat exchange.
The m icrofabrication technique presented in th is work is su itab le  for a wide 
range of substrates, at effective cost point. F u tu re  work will investigate the  perfor­
m ance of higher aspect ratio  channel devices as well as o ther m etal su b stra tes  and 
channel walls. These unique MHEs have the poten tial to enhance the  overall system 
performance of microelectronics through cooling effect provided, as well as the energy 
scavenging potential.
CHAPTER 7
CONCLUSIONS
The science of m iniaturization has led to  th e  production of many micro devices. 
Sustainable autonomous power supply for these devices, especially in remote locations, 
has been a challenge. The work presented in th is  study  focused on the  in tegration  
of m icrofabrication processes and solar therm al technology to  generate power for 
micro-scale applications. Solar energy is a clean and  sustainable energy source th a t 
has a  poten tial for present and fu tu re world energy needs. Solar the rm al system s 
convert the  sun’s energy into heat. T he heat is th e reafte r utilized by a  h ea t engine 
for useful power output. Specifically, the use of a therm oelectric generator as a  heat 
engine for solar thermal harvesting application has heen examined. Further, a  therm al 
scavenging technique tha t relies on phase change w ithin the  working fluid in a micro 
capillary channel boiler plate has also been exam ined.
Irrespective of the heat engine applied, one critical param eter in the  operation 
of these devices is the tem perature gradient resulting between the heat source and sink. 
Higher tem perature gradients typically lead to  increased efficiency. Hence, a therm al 
analysis for a flat plate collector has been presented. It is shown th a t improving heat 
absorption on the absorber plate by maximizing absorption while reducing em ittance, 
as well as improving the heat transfer efficiency between the absorber element and the
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working fluid 0 1  heat engine will improve the overall collector efficiency. Also, limiting 
heat losses from the collector to the  am bient enhances the overall system  efficiency.
Initial fabrication and characterization steps performed in this study showed the 
potential and capability of a th in  film Ni-Sn selective absorber coating for small-scale 
solar therm al energy harvesting. Therm al and heat flux absorption testing indicated 
that the coating significantly improved the  ability of the collector to transform  incident 
solar radiation into thermal energy. T he integration of this small scale solar therm al 
collector w ith a  TEG  for useful power generation has also been dem onstrated . T he 
device utilized with selective absorber achieved 28.44 % of theoretical maximum .
T he use of vacuum environm ent to lim it the  therm al losses from  a  solar 
collector plate has also been investigated. Tests were conducted to verify the operation 
tem perature of collector plates when exposed to  sim ulated solar rad iation. R esults 
showed an improvement in the stagnation tem perature of the  flat collector plate when 
operated in a  partial vacuum environm ent (715 inTorr) compared to  results obtained 
under atmospheric pressure (760 Torr). The tem perature of the  plate increased from 96 
°C to 115 °C (an increase of 19 °C) by lowering the pressure of operation environment.
Therm al energy was also utilized to drive phase change in working fluid within 
micro heat exchangers. Exchanger operation was based on capillary channels ability to 
wick working fluid across a heated surface to drive mass transfer and therm al energy 
consumption from the heat source. B oth  Si-based and metal-based exchangers were 
examined. These devices utilizing the heat from the sun as input have the potential to 
provide autonomous power for micro electronics, and represent sustainable alternatives 
to battery-powered MEMS-based devices.
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7.1 Recommendations for Future Work
Initial investigations into solar therm al harvesting for micro scale applications 
have been presented in this dissertation. This study is by no means exhaustive. Hence, 
to further develop the technology and processes presented in this work, the following 
recommendations for future w'ork are suggested:
• Investigation of bonding techniques th a t will allow for the direct integration of 
collector plates and the heat engines.
• The design and fabrication of collector and heat engine on a  single su b stra te  
should also be investigated. This way, the selective coating may be applied on 
one side of the substrate  while a  heat sink /exchanger may be constructed  on 
the other side of the substrate using m icrofabrication processes.
•  Further work to examine the tem pera tu re  of the  p la te  under higher vacuum  
conditions.
•  The effect of other operation environments with low therm al conductivity gases 
like argon, xenon and krypton should also be investigated. This way, ra th e r  
than maintaining a vacuum environment, other gases (with therm al conductivity 
lower than  air) may be utilized to  replace air molecules w ithin the  operation  
environment. It is anticipated th a t this would also lim it thermal losses from the 
collector plate.
• Integration of the micro heat exchangers stud ied  w ith  other devices such as 
micro turbines and free piston expanders for useful work output.
•  Investigation of the performance of higher aspect ra tio  channel devices as well 
as other substrates m aterials and channel walls for th e  micro heat exchangers.
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